Introduction
The report on the oriented molecules is published in alternate volumes of this series and the present one covers the available literature during the biennial period ending May 2005. The complete literature on the subject can be traced back by referring to earlier volumes of this series. During the current period, the developments in various areas have in general followed the trend that was pointed out in the previous report. 1 However, some recent developments have revitalized some areas where there was a decline in interest during the past few years. Thus study of weakly ordered biological macromolecules continues to be of great interest with the literature covering a range of topics such as developments of new orienting media, novel experimental techniques and pulse schemes, new and improved procedures for structure calculation using residual dipolar couplings (RDC) and other anisotropic parameters and applications to proteins, peptides, nucleic acids and carbohydrates. Several reviews on such applications have also been published. A notable new development during this period is the greater attention that is being given to the development of media that will produce weak ordering even for small organic molecules. Several reports with this specific aim have been published and if the momentum continues, it is likely that in a short span of time dipolar couplings will be routinely used for structure analysis of organic molecules along with chemical shifts and J couplings. The history of the use of NMR spectroscopy of oriented molecules for structural studies started with the study of small and symmetrical molecules and has continued to progress over four decades with enormous applications to biological macromolecules emanating in recent years. In between for a while, applications of NMR spectroscopy of oriented molecules for structural studies had declined but with the possibility of achieving weak ordering this has once again become an area of great interest. Developments in other areas have continued at a moderate pace. The use of organic chiral liquid crystals for enantiomeric excess analysis has been extended further.
Nuclear Magnetic Resonance, Volume 35 r The Royal Society of Chemistry, 2006 The network of the strongly coupled spin systems, provided by the liquid crystalline environment, is being exploited for quantum information processing. Interesting applications in unexpected areas such as imaging and in-vivo studies have been reported. Similar developments in other areas have continued and hold promise of increased future activities. The classification of the topics is essentially the same as that followed in earlier volumes and the available literature is presented under the following headings: Reviews, Theory and General Studies; New Techniques; Dynamic NMR Studies; Chiral, Smectic, Lyotropic, and Polymeric Systems; Relaxation Studies; Orientational Order in liquid crystals; Membranes and Molecules Oriented therein; Structural and Orientation of Small Molecules; Quantum Computing; Weak Ordering and Biomolecular Studies.
Reviews, Theory and General Studies
NMR studies of liquid crystalline materials have been surveyed. 2 The review deals essentially with NMR studies done since 1997 on both solutes and solvent molecules. The report provides an introduction to spin Hamiltonians, relaxation theory, molecular ordering of mesogens, motional models for liquid crystals and recent solid state NMR methods. Studies on thermotropic and lyotropic liquid crystalline materials as well as studies on solutes, both small molecules and weakly ordered biomolecules have been included. Two reviews on the determination of the stereochemistry of organic molecules partially ordered in a liquid crystalline environment are available. Recent advances in the development of chiral derivatizing and solvating agents that facilitate the determination of enantiomeric excess and absolute configuration using NMR spectroscopy have been reviewed, 3 in which the use of liquid crystals, as chiral discriminating agents has been dealt with. The use of residual dipolar couplings for determination of the stereochemistry of organic molecules has been reviewed and the use of the method for providing unambiguous information about the relative configurations or complete stereochemistry described. 4 Mesogenic properties of mineral liquid crystals, based on nanosystems have been reviewed. 5 The phases and properties exhibited by these systems have been discussed and the possibility of their use for the measurement of residual dipolar couplings in NMR studies has been examined. A review of proton T 1 relaxation studies performed over a wide frequency range in compounds exhibiting columnar mesophases is available. 6 The NMR relaxation studies were performed combining conventional and fast field cycling NMR techniques in a frequency range between 100 Hz and 300 MHz which provided a means of effectively distinguishing the influence on the T 1 relaxation profiles, of the different molecular motions observed in this type of mesophases. The relaxation dynamics of the spin 3/2 systems in the presence of fluctuating and static quadrupolar interactions has been reviewed. 7 Pulse sequences optimized for the elimination of line broadening due to an inhomogeneous static quadrupolar interaction and for the detection of nuclei involved in slow molecular motion and/or in anisotropic liquid crystalline environment has been discussed.
Novel liquid crystalline systems which exhibit dual thermotropic-lyotropic (i.e., amphotropic) behavior have been reported. 8 Methyltris(decyl)phosphonium salts (1P10A, where the counterion A is NO 3 À or the hydrate of bromide, Br À -H 2 O) show unique liquid crystalline properties as neat compounds and with high concentrations (up to 20%) of a small organic molecule, methyl cyanide (MeCN). From the optical micrographs and low-angle peaks in X-ray diffractograms of the salts, a smectic A phase is inferred. The liquid crystalline phases of both salts are observed to be oriented in strong magnetic fields with the NMR spectrum of the nitrate salt exhibiting only one type of orientation for MeCN concentrations up to about 10%. However, two types of orientations with opposite signs of the order parameter were detected in the bromide salt at o1% MeCN concentration. The dual thermotropic-lyotropic behavior and the relatively low order parameter of the solute suggest that these amphiphilic salts might be useful for structural studies using NMR spectroscopy. A quantum-mechanical method to calculate the tensorial properties of molecules dissolved in liquid crystals has been presented. 9 Using the method, the order parameters of various solutes in the nematic liquid crystal ZLI-1167 have been obtained and compared with experimental data. The effect of the magnetic field strength on the magnitude of residual dipolar couplings introduced by partial orientation in a dilute liquid crystalline media has been investigated. 10 One-bond heteronuclear residual dipolar couplings and residual deuterium quadrupolar splitting of the water have been monitored at various static magnetic fields. It is observed that the value of residual anisotropic NMR parameters decreases with increasing magnetic fields, which is attributed to the dynamics of the exchange process resulting from a larger frequency difference at higher magnetic fields between the ordered and non-ordered states of the molecules between which molecular exchange is taking place. Based on a model of weakly coupled spin pairs, an analysis of the experimental conditions needed for creating two kinds of dipolar order, namely, intrapair and interpair order, in thermotropic liquid crystals has been investigated. 11 A prescription for preparing the different dipolar orders has been obtained and tested in two samples namely, methyl deuterated p-azoxyanisole and 4-n-pentyl-4 0 -cyonobiphenyl (5CB). The thermodynamics of a simple model, containing the minimum set of features required to provide liquid crystal-like phase behavior and the dipolar coupling observable in the NMR spectrum of orientationally ordered fluids, has been presented within the framework of Onsager theory. 12 The model has been used to support the hypothesis that dipolar couplings observed in the spectra of human leg muscle originate from nematic-like liquid crystal phases in relatively small metabolite molecules.
New Techniques
A method for the accurate measurement of chemical shift anisotropy in a liquid crystalline medium with the aid of magic angle sample spinning has been proposed. 13 Since the application of MAS to an aligned sample removes only the magnetic field alignment effect, while preserving the effects due to the aligning medium, the observed chemical shift differences between experiments with and without MAS provide accurate values of the orientation-dependent chemical shifts. The method has been demonstrated for the measurement of 15 N chemical shift anisotropy in a protein dissolved in a dilute liquid crystalline medium. A heteronuclear relayed COSY experiment for the analysis of deuterium spectra in anisotropic media which enables the correlation of the quadrupolar doublets associated with two inequivalent deuterium nuclei in an oriented CD 2 fragment has been proposed. 14 The experiments provide an alternative to 2 H-2 H COSY, when the geminal coupling is too small, as observed for geminal deuteriums in prochiral or chiral molecules dissolved in chiral liquid crystals. The efficiency of the technique has been illustrated using dideuterated prochiral molecules, the phenyl [ 2 H 2 ] methanol and the 1-chloro [1- 2 H2] nonane, both dissolved in organic solutions of poly-g-benzyl-L-glutamate (PBLG). It is observed that by this method the relative signs of the quadrupolar doublets can also be determined. Three new pure absorption mode deuterium 3-dimensional NMR experiments to analyze spectra of isotopically enriched solutes dissolved in weakly orienting liquid crystals have been reported. 15 The potential of these strategies is illustrated using the perdeuterated 1-butanol, a prochiral molecule dissolved in a chiral mesophase made of poly-g-benzyl-L-glutamate.
Approaches exploiting the weak ordering offered by the new orienting media have been utilized for the structure determination of small molecules and several reports have appeared. The low order parameter offered by a biceller medium has the advantage of simplifying the spectral appearance of an oriented molecule and extraction of some of the spectral parameters is straightforward. This has been exploited for the purpose of structure determination of a small molecule and the results obtained have been compared with those obtained with orienting the same molecule in a thermotropic liquid crystal. 16 The molecule chosen for such a study is pyridine whose structure including 13 C spins has been obtained in both bicelles and in a thermotropic nematic phase. Though in weakly ordered systems the percentage of error in the measured dipolar couplings are likely to be high because of the small values of the residual dipolar couplings, this may not pose a serious problem if the system is sufficiently over determined, which is reflected in the reasonable agreement of the obtained structure in both weakly and strongly orienting media. Reducing the degree of order by using dilute liquid crystalline media in combination with precise measurement of small residual dipolar coupling constants has been used to derive the structure of methyl beta-d-xylopyranoside. 17 An oriented sample of the compound has been prepared using a mixture of C 12 H 25 (OCH 2 CH 2 ) 5 OH [C 12 E 5 ] and hexanol in D 2 O. Thirty residual dipolar coupling constants, ranging from À6.44 to 4.99 Hz, were measured using intensity-based J-modulated NMR techniques with an accuracy of þ/À 0.02 Hz. New constant-time HMBC NMR experiments have been used for the measurement of long range coupling constants. The structure of the compound was refined using vibrationally averaged dipolar coupling constants and a model in which the directly bonded interatom distances were fixed at their ab initio values, while 16 geometrical and 5 order parameters were optimized. The obtained structure was very similar to that obtained by ab initio calculations, while comparison with the neutron diffraction structure showed larger differences which were attributed to crystal packing effects. These studies indicate that the use of low ordering media has a wider applicability for a range of systems and offer a way of overcoming the limitation of strongly orienting liquid crystals where the complexity of 1 H NMR spectra forbids the use of the technique for molecules with more than 12 protons. Stretched polystyrene and poly (dimethylsiloxane) gels have been shown to induce partial alignment of small molecules in an organic solvent and enable the measurement of residual dipolar couplings. 18, 19 The degree of orientation could be varied over a wide range by varying the amount of cross linking of the polymer. Further it is shown that partial alignment of molecules in polar organic solvents can be achieved by the use of stretched poly (vinyl acetate) gels, thus opening the door for RDC-derived structural information to be obtained for new classes of molecules. 20 The residual dipolar couplings of norcamphor and sphaeropsidin A have been determined by this method. The properties of the stretched polystyrene gels in different organic solvents as well as at different magnetic field strengths and temperatures have been studied and practical aspects have been discussed. 21 Measurement of long range proton-carbon couplings of molecules in a weakly orienting medium as a tool for structure elucidation of natural products has been dealt with. 22 A new HSQC based method for the measurement of heteronuclear long range couplings has been introduced and the methodology demonstrated on menthol. Together, these reports indicate the possibility of an important NMR parameter to be measured routinely.
A method for measuring 1 H-2 H dipolar couplings in macroscopically oriented media that overcomes the lack of resolution in the 1 H and 2 H spectra of deuterated molecules has been proposed. 23 A 2D heteronuclear correlation experiment has been suggested where 1 H chemical shifts and 1 H-2 H dipolar interactions in the first dimension are correlated with 13 C chemical shifts and 2 H-13 C dipolar interactions in the second dimension. The technique has been demonstrated on a columnar liquid crystal phase. A new pulsed-gradient NMR technique for measuring coefficients of self-diffusion in liquid crystals has been described. 24 It is based on exciting sharp response signals with long weak pulses which eliminates the problem of radiofrequency heating of the sample. The temperature dependencies of coefficients of self-diffusion for two liquid crystals namely, 4-n-pentyl-4 0 -cyonobiphenyl (5CB) and N-(4-ethoxybenzylidene)-4 0 -n-butylaniline (EBBA), have been reported. The splitting and the lineshape of the satellite transitions of 23 Na are measures of the residual quadrupolar interaction and its distribution, which are related to the degrees of order and binding of sodium in biological tissues. However, these transitions are often masked by the stronger signals of the central transition and the isotropic sodium ions. A way to suppress the central signals, while preserving the line shape and the intensity of the satellites, has been suggested and tested on a liquid crystal and on bovine articular cartilage. 25 Imaging techniques that use encoding of the images by residual dipolar couplings of bound water from bovine and sheep Achilles tendon under mechanical loading have been reported. 26 Such techniques have potential to quantify NMR imaging of injured ordered tissues. Similarly localized 1 H NMR spectroscopy has been used to obtain residual dipolar couplings for several metabolites from m. gastrocnemius, the differences in the value being indicative of their mobility. 27, 28 Based on the observation that all dipolar-coupled multiplets collapse simultaneously when the fiber structure is tilted towards the magic angle, a common model for molecular confinement in muscle tissue has also been obtained.
It has been suggested that the relative sign and the magnitude of the scalar and the residual dipolar couplings in homonuclear spin 1/2 systems can be determined based on the sign and the amplitude of the transfer functions in a TOCSY experiment. 29 The efficiency of different mixing sequences and different transfer functions has been examined both theoretically and experimentally. The efficiencies of various 1 H-13 C separated local field (SLF) experiments applied to columnar and nematic liquid crystals have been compared. 30 The performances of the conventional SLF, proton-detected local field (PDLF) and polarization inversion spin exchange at the magic angle (PISEMA) methods have been studied in terms of spectral resolution, robustness and ability to measure long-range couplings. The PDLF sequence was found to provide, in most cases, the best dipolar resolution as seen in the case of weakly coupled proton-carbon spin pairs. 13 C NMR spectrum of a static liquid crystal sample which is based on the fact that the carbon chemical shifts in the isotropic phase and in the oriented phase are uniquely related by the tensorial property of the CSA tensor has been proposed. 32 It is shown that with just one off-magic-anglespinning (OMAS) spectrum and the assignment in the isotropic phase a complete assignment of spectrum in the oriented phase can be obtained. A computational procedure has been proposed to take into account deviations arising out of non-ideal experimental conditions and practical implementation of the method has been demonstrated in the case of the liquid crystal N-(4-ethoxybenzylidene)-4 0 -n-butylaniline. The decay of magnetization and its reappearance that is mediated by homonuclear dipolar couplings is known as polarization echo and has been observed in the liquid crystal N-(4-methoxybenzylidene)-4 0 -n-butylaniline. 33 The details of the pulse sequence and the mechanism have been presented. A new technique, SAD-REDOR, has been proposed with the aim of recoupling heteronuclear dipolar couplings in molecules dissolved in an orienting medium through the combined use of magic-angle spinning and rotor-synchronized radiofrequency pulses. 34 This application of the REDOR pulse sequence to oriented media is shown to offer several advantages such as selectivity over the type of coupling recovered and tunable scaling of the interaction. The effectiveness of the technique has been demonstrated using polyacrylamide-stabilized Pf1 phage medium and 15 N-labeled benzamide as the aligned molecule. The phenomenon underlying the generation of long-lived coherent signals generated in bulk liquid crystals by long and weak radio-frequency pulses is considered in detail and results of new experimental investigations and computer simulations presented. 35 Effect of similar excitation when the initial spin state of a system corresponds to dipolar ordering and in liquid crystal systems with heteronuclear dipolar couplings is also described.
Dynamic NMR Studies
The dynamics of liquid crystalline systems under various external perturbations has been of significant interest. Particularly there are several reports on the effect of electric fields on the dynamics of the director. The static and dynamic director distributions in thin nematic liquid crystal cells has been studied by 2 H-NMR and continuum theory in relation to the film thickness and different surface anchoring strengths. 36 The theoretical background of the NMR experiment and of the continuum theory for the director distribution has been elucidated and the determination of the surface anchoring energy described. 2 H-NMR spectra have been recorded as a function of the applied electric field on the nematic liquid crystal 4-pentyl-4 0 -cyanobiphenyl-d 2 (5CB-d 2 ) deuterated in the a position of the pentyl chain and confined between two glass plates with both weak and strong anchoring conditions. The results for the static director distribution are discussed in the context of the continuum theory, while the results for the director dynamics are discussed on the basis of the hydrodynamic theory. The determination of the rotational viscosity coefficient, a factor that is important for determining the response times of liquid crystal display devices, has been reported for 4-octyl-4 0 -cyanobiphenyl-d 2 (8CB-d 2 ) at two temperatures. 37 The rate of director relaxation has been followed by recording the deuterium NMR spectrum as a function of time during the process of turning an electric field on or off. The director relaxation was found to follow closely the predictions of the torque-balance equation given by the LeslieEriksen theory and from knowledge of the anisotropic electric and magnetic susceptibilities the rotational viscosity coefficient was determined. The oscillatory behavior of the nematic director for 5CB when it is subjected to a static magnetic field and a sinusoidal electric field with the two fields inclined at approximately 501 to each other has been studied. 38 By using time-resolved deuterium NMR spectroscopy, it is observed that the director oscillates in the plane formed by the two fields. The maximum and minimum angles made by the director with the magnetic field determined as a function of frequency shows that at low frequencies these limiting angles are essentially independent of frequency but as the frequency increases the two angles approach each other and become equal. The results are well explained by a hydrodynamic theory in which the sinusoidal time dependence of the electric field is included in the torque-balance equation. Similar such studies where 2 H NMR spectroscopy has been used to follow the director dynamics under the application of an electric field in the liquid crystalline phases have been reported. [39] [40] [41] Observation of echoes in the reorientation processes of nematic liquid crystals under the action of an electric field, studied by 1 H NMR spectroscopy has been reported. 42 The separation between the corresponding sidebands is up to two orders of magnitude higher than that would be expected in a magic angle spinning (MAS) experiment. This behavior has been understood in analogy to MAS by a time-dependent dipolar Hamiltonian in which the homogeneous sample rotation of the MAS experiment is replaced by a more complex term which describes the director reorientation. A report on the study of the reorientation process of nematic liquid crystals in the presence of a variable external magnetic field based on the fast field cycling NMR technique is available. 43 Both the disordering and ordering processes have been studied. Two regimes, one where the magnetic torque governs the dynamics of reorientation and another where thermal fluctuations are responsible for the dynamics have been identified. The measurements and analyses of the isotropic and anisotropic diffusion coefficients (D) of rod-like polypeptides such as poly (g-L-glutamate) with n-alkyl side chains in the thermotropic and lyotropic liquid crystalline phases have been presented. 44 In the anisotropic case, the D value in direction parallel to the a-helical axis of the main chain is found to be much larger than the value in the perpendicular direction. Further, it is observed that diffusion in the nematic liquid crystalline phase is much slower than that in the isotropic phase. The director orientation of nematic solutions of poly(g-benzyl-L-glutamate) in m-cresol and deuterated benzene have been studied using 2 H NMR spectroscopy under simple shear flow and after its sudden cessation. 45 Two different line shapes have been found to occur that have been related to the two shear response mechanisms, namely, tumbling/ wagging and flow-aligning regimes. The relaxation after cessation of shear was observed to be similar for both cases.
Chiral, Smectic, Lyotropic and Polymeric Systems
This section pertains to reports on oriented molecules in which phases other than the usual thermotropic nematics have been used. Studies in chiral, smectic, columnar, lyotropic and polymeric liquid crystals as well as other unusual phases have been presented. The use of carbon-proton heteronuclear selective refocusing 2D NMR experiment designed for the spectral analysis of enantiomers dissolved in weakly ordering chiral liquid crystal solvents has been proposed. 46 The method permits the extraction of carbon-proton residual dipolar couplings for each enantiomer from a complex or unresolved proton-coupled 13 C spectrum. The possibility of correlating spectral enantio-discriminations in a single 2D spectrum using simultaneously both quadrupolar and dipolar nuclei has been presented. 47 The method uses deuterium-carbon-13 heteronuclear 2D experiments with 13 C in natural abundance applied to deuterated compounds oriented in chiral, nematic liquid crystals. Illustrative examples involving chiral and prochiral solute molecules have been given. Methods for the full resonance assignment of the quadrupolar doublets in an overcrowded 2 H NMR spectrum of weakly ordered, perdeuterated or partially deuterated enantiomers dissolved in chiral liquid crystals have been described and applied in the case of a racemic mixture of 2-ethylhexanoic acid-d 15 . 48 The performance and the limits of the techniques are presented and discussed. A modified z-gradient filter scheme specifically designed to obtain pure absorption mode deuterium 2D NMR spectra recorded in oriented solvents has been described and applied to the Q-COSY and Q-resolved 2D experiments involving quadrupolar nuclei. 49 The performance of this z-gradient filtering technique has been illustrated using the perdeuterated 1-butanol, a prochiral molecule dissolved in PBLG. C residual dipolar couplings in a chiral liquid crystal solvent using a natural abundance coupled HSQC experiment has been reported. 50 New amino acid-based anionic surfactants have been synthesized and studied for their use as chiral solvents. 51 It is shown that aqueous solutions of these chiral sulfonates in the presence of chlorinated solvents such as CHCl 3 , CH 2 Cl 2 , C 2 H 2 Cl 4 , CCl 4 enable differentiation between enantiomers of D,Lalanine-2-d 1 using proton and deuterium NMR spectroscopy. Stretched gelatin gels, which are chiral polymers, have been suggested for distinguishing enantiomeric solutes through their residual dipolar couplings. 52 The method has been demonstrated on a mixture of L-and D-alanine. Residual dipolar couplings have been used to assign the diastereotopic protons of strychnine dissolved in two different organic liquid crystals PBLG/CDCl 3 and polyg-ethyl-L-glutamate (PELG)/CDCl 3 . 53, 54 Chiral liquid crystal media and the use of 19 F and 2 H NMR spectra have been suggested for measuring high enantiomeric excesses. 55 Analysis of natural abundance deuterium distribution in organic molecules, an important step in the study of kinetic isotope effects associated with enzymecatalyzed reactions, by the use of chiral anisotropic media has been explored. An aspect of this analysis is the discrimination of the enantiotopic deuterons in prochiral molecules and the quantification of isotopic fractionation on methylene prostereogenic sites. Towards this an approach has been presented which is based on the use of natural abundance 2 H 2-dimensional NMR experiments on solutes oriented by chiral liquid crystalline solvents and the separation of the deuterium signals based on the quadrupolar interaction. 56 The case of 1,1 0 -bis(phenylthio)hexane derived by cleavage from methyl linoleate of safflower has been used to illustrate the method with (D/H)pro-R and (D/H)pro-S measured at the same methylene position of a fatty acid chain. Enantiomers of water soluble materials can be observed using deuterium NMR spectroscopy in the lyotropic mesophase formed by glucopon/hexanol/buffered water. 57 The orientational and the enantiomeric discrimination properties of this mesophase have been evaluated. Deuterium quadrupole splittings for two series of optical isomers, L-and D-N-acyl-1-phenyl-d 5 -2-aminopropanes, dissolved in anionic nematic cholesteric lyotropic liquid crystal, cesium N-dodecanoyl-Lthreoninate, have been measured. 58 The two order parameters that characterize the average alignment of the aromatic ring have been obtained for various chain lengths and their variation analysed. An analysis of the spectra of molecules, chiral by virtue of isotopic substitution, dissolved in a chiral oriented environment has been made. 59 The case of the proton-and deuterium-decoupled carbon-13 spectra of 1-deutero-(2 0 ,3 0 ,4 0 ,5 0 ,6 0 -pentadeuterophenyl) phenylmethanol, has been examined. From this study interesting observations on the absolute assignment of the pro-R/pro-S character in terms of the absolute configuration of the isotopically chiral analog, isotope effect on 13 C chemical shift anisotropy etc. have been made. Deuterium NMR spectroscopy has been used to detect the reduction in symmetry which occurs when a flexible, prochiral molecule, 4-pentyl-4 0 -cyanobiphenyl, is dissolved in a chiral nematic solvent produced by dissolving poly-g-benzyl-L-glutamate in organic solvents. 60 Synthesis and efficient enantiodiscrimination of chiral monophosphine oxides and boranes by phosphorus coupled 13 C NMR spectroscopy in the presence of chiral ordering agents has been described. 61 The orientational order and conformational distributions of the two enantiomers of (AE)-a-ethylhexanoic acid-d 15 , a flexible chiral molecule dissolved in a chiral nematic liquid crystal solvent made of PBLG in an organic co-solvent have been obtained from NMR data. 62 Carbon-deuterium and deuterium-deuterium 2D correlation experiments and proton-coupled 13 C 1D experiments have been employed and the conformational distributions and the orientational order parameters have been derived using the additive potential model. The natural abundance deuterium 2D Q-COSY NMR spectra of two apolar bridged ring systems, norbornene and quadricyclane, oriented in an organic solution of poly-g-benzyl-L-glutamate have been analyzed. 63 From the measurement of residual quadrupolar splittings, and onebond carbon-proton residual dipolar couplings, the elements of the second rank order tensor were calculated which allowed all resonances to be assigned unambiguously and in the case of norbornene, assignment of nuclei to each enantiotopic face was also carried out.
The 129 Xe NMR shielding and diffusion of Xe dissolved in the chiral liquid crystal 1-methylheptyl 4 0 -(4-n-decyloxybenzoyloxy) biphenyl-4-carboxylate have been studied over the temperature range covering the isotropic, smectic A, and smectic C* phases. 64 The phase transitions have been studied in terms of 129 Xe shielding. Theoretical models and diffusion experiments have been used to study the structure of the phases. The possibility of elucidation of the spatial structure of functionalized thiacalix [4] arenes from the one bond proton-carbon residual dipolar coupling constants obtained by orienting the molecules in poly-U-benzyl-L-glutamate and CDCl 3 has been reported. 65 The results were further confirmed by 2-dimensional NMR experiments in an isotropic solvent. A method to determine the relative configuration of asymmetric centers by the use of a weakly ordered solvent and the measurement of orientational order parameters has been presented and illustrated by studies on dihydropyridone derivatives. 66 Residual dipolar couplings in combination with molecular order matrix calculations have been used to unambiguously determine the complete relative stereochemistry of an organic compound with five stereocentres. 67 The order tensor simulations based on two different sets of RDC data collected with phage and bicelles are found to be consistent and the resulting stereo chemical assignments are in agreement with those obtained from the single-crystal X-ray structure. A 2 H-NMR analysis employing quadrupolar coupling in a chiral liquid crystal matrix has been developed to facilitate the simultaneous study of the regiochemistry and stereochemistry outcome of the reaction of both enantiomers of iso-cinnamyl ester substrates in 2 H-labeled but racemic samples. 68 The analysis allowed the comparison of relative rates of two competing isomerization processes occurring in the p-allyl intermediates in the Pd-catalyzed reaction. A method for the configurational analysis of (R)-and (S)-[2H1]-fluoroacetate has been developed using 69 This has enabled biosynthetic experiments to be conducted which reveal stereo chemical details on biological fluorination occurring during the biosynthesis of fluoroacetate and 4-fluorothreonine in the bacterium Streptomyces cattleya.
The thermotropic liquid crystal, 4,4 0 -diheptylazoxybenzene (HAB), exhibiting isotropic, nematic and smectic phases, has been studied through 129 Xe NMR. 70 The temperature dependence of 129 Xe chemical shifts and spin-lattice relaxation times of the Xe gas dissolved in HAB showed clear signatures of the phase transitions. Theoretical models have been used to understand the influence of the different phases on the isotropic and anisotropic parts of the chemical shielding. From the studies it is also inferred that in the smectic phase, Xe atoms preferentially occupy interlayer spacings rather than the interiors. Bent-core or banana-shaped molecules display an array of novel chiral liquid crystalline phases. 2 H NMR studies on two of the banana core moieties have been analyzed using ab initio structure calculations and the steric inertial frame model. 71 A new homologous series of compounds nonaalkanoyloxy-tribenzo-cyclononene (TBCN-n, with n ¼ 2 to 14) has been synthesized and the mesomorphic properties studied by DSC, optical polarizing microscopy, X-ray diffraction and 13 C NMR spectroscopy. 72 The compounds exist in two isomeric forms, crown and saddle, both of which exhibit columnar hexagonal mesophases for sufficiently long side chains. Analysis of the 13 C NMR spectra indicates that there is rapid reorientation of the molecules about the columnar axes only in the crown mesophases, while the saddle mesophases appear to undergo thermally activated high-amplitude librations, which freeze out on cooling to room temperature and below. To explore the possible origins of the difference in the deuterium quadrupole splittings of deuterated water, Dn, between anionic and cationic discotic nematic lyomesophases Dn and T 1 relaxation times of partially deuterated water and decanol in solutions of these mesophases have been studied. 73 The results interpreted in conjunction with a molecular dynamics simulation suggest that the significantly larger values of the quadrupole splittings observed in the case of the anionic mesophases can be mainly attributed to a preferential orientation of the water molecules, induced by the strong electric field generated at the interface of the anionic mesophases. Measuring heteronuclear residual dipolar couplings of natural rubber samples with different cross-link densities using static and MAS solid-state NMR techniques, site-selective information about local segmental motions of individual CH n fragments have been obtained. 74 13 C-1 H residual dipolar couplings and order parameters extracted from the different experiments show a linear correlation with the cross-link density. Changes in the 1 H residual dipolar couplings and the mean squared fluctuations in the residual dipolar couplings, associated with cross-link density changes in a complex silica-filled Polydiphenyl siloxane/ poly (dimethyl siloxane) (PDPS/PDMS) block copolymer composite material have been measured. 75 The residual dipolar couplings have been observed to change in a straight-forward manner with the induced crosslinking of the polymer network. The effect of the strength of the filler-polymer interaction and surface adsorption has also been studied. When a nematic liquid crystal is subject to deformational flow, rotational torques arising from the Leslie viscosities lead to director realignment. In the case when a magnetic field is present these torques compete with the alignment torque associated with magnetic anisotropy and this competition could result in a sudden director flip at a critical rate of strain. Using a 4-roll mill placed in the 7 T magnet of a NMR spectrometer, the orientation of the director as a function of strain rate for a flow aligning liquid crystal polymer consisting of a polysiloxane backbone and mesogenic 4-methoxyphenyl-4 0 -butenyloxybenzoate side chains has been observed. 76 Director orientations were obtained using 2 H NMR spectral splittings from a deuterated probe molecule. A distinct director flip was observed at a given strain rate from which the ratio of the sum of the viscosity coefficients to the magnetic anisotropy parameter has been determined. The use of the weakly ordered liquid crystal solvent namely, n-alkyl-poly (ethylene glycol)/ n-alkyl alcohol, has been made for the study of a homogeneous polymer, poly (ethylene oxide). 77 The homonuclear and heteronuclear residual dipolar couplings in elastomers are influenced by factors such as the cross-link density, temperature, the uniaxial and biaxial extension or compression and the presence of guest molecules. The sensitivity of different multiple quantum orders to the variation of the residual dipolar coupling strength has been investigated both theoretically and experimentally. 78 Proton double-quantum, triplequantum, and four-quantum buildup curves in multiple quantum filtered experiments of differently cross-linked natural rubber samples have been examined and it is observed that in the initial rate approximation, the relative changes in the intensity of the four-quantum buildup curves are about five times higher than those of the double-quantum coherences. The structure of aqueous dispersion of charged anisotropic nano-composites (synthetic Laponite clays) have been studied by NMR and numerical simulations. 79, 80 The NMR spectra of the counter ions ( 23 Na or 7 Li) exhibit a large residual splitting which indicates the macroscopic nematic ordering of the anisotropic particles. These results are confirmed by the anisotropy of the self-diffusion tensor of the H 2 O molecule measured by 1 H pulsed gradient spin echo technique. The critical concentration corresponding to the isotropic/nematic transition has also been determined. Time-resolved deuterium NMR study on wormlike micelles under shear has been reported. 81 A micellar system made of soybean phosphatidylcholine, D 2 O, and cyclohexane has been studied in the vicinity of the isotropic/nematic transition but positioned in the equilibrium isotropic phase. The D 2 O dispersed in the micellar core was used as a probe to study the relaxation of a shear-induced nematic phase back to the isotropic liquid state, after cessation of shear. The whole process was followed through time-resolved deuterium spectra and was characterized by a continuous decrease of the measured quadrupolar splitting, proportional to the nematic order parameter. The utility of deuterium NMR spectroscopy as a powerful tool in the structural study of liquid crystals has been illustrated by application to two systems in which the liquid crystal phases are chemically induced. 82 The study enabled obtaining the orientational order of the components in the various induced phases, their effective molecular symmetry and the molecular geometry and the chain flexibility.
2 H and 14 N NMR spectral measurements have been made in the lyotropic phase formed by the thermotropic ionic liquid crystal, cetylpyridinium bromide (CPB) with pentanol and NaBr brine as well as in the thermotropic phase of CPB itself. 83 The 14 N quadrupole coupling and asymmetry parameter obtained from a knowledge of the ring order parameter estimated through the deuterium splittings in both the phases were found to match well.
Relaxation Studies

Results of dielectric and
2 H NMR relaxation studies of 4,4 0 -diheptylazoxybenzene (HAB) in the isotropic, nematic and smectic A phases have been reported. 84 From the complex dielectric permittivity measured over a wide frequency range, it is observed that the low frequency relaxation time connected with molecular reorientations around the short axes shows a stepwise change at the phase transitions whereas the high frequency relaxation time associated with rotations about the long axis passes off smoothly. The results have been compared with the principal components of the diffusion tensor obtained from 2 H spin-lattice relaxation times. Transverse deuteron spin relaxation measurements, employing Carr-Purcell-Meiboom-Gill sequences, have been used to determine the anisotropic elastic constants of a thermotropic main chain/side chain liquid crystal polymer (LCP) in the nematic phase. 85 Analysis of the experimental dispersion profile has been performed using a slow-motional model for director fluctuations from which absolute values for the splay, bend, and twist elastic constants have been obtained. The slowmotional model has been further generalized to arbitrary orientations of director and magnetic field which enables a complete characterization of the angular and pulse spacing dependent transverse relaxation rates observed in CPMG experiments. 86 A generalized theory of the proton dipolar order relaxation for highly correlated systems, which considers all the spins belonging to correlated domains as an open quantum system interacting with the quantum bath, has been reported. 87 The method applied to nematic liquid crystals predicts the Larmor frequency dependence of the spectral density of the order fluctuations of the director, which is in consistence with the experimental results. Proton spin dynamics in thermotropic liquid crystals subject to multipulse excitation has been investigated with the aim of isolating the dipolar effects from the influence of molecular dynamics to the molecular relaxation process. 88 The response of the proton spin system of thermotropic liquid crystals 4-pentyl-4 0 -cyanobiphenyl (5CB) and 4-octyl-4 0 -cyanobiphenyl (8CB) in nematic and smectic A phases has been studied. A method, based on the measurement of the 23 Na spin-spin relaxation times T 2 , has been proposed to investigate the shape of micelles in lyotropic nematic phases. 89 The ternary lyotropic mixture of sodium dodecyl sulfate, 1-decanol, and water has been investigated in the two lyotropic uniaxial nematic phases of the system.
Orientational Order in Liquid Crystals
The orientational ordering of a bent-core mesogen has been determined. Various two-dimensional NMR techniques have been carried out on the mesogen 4,6-dichloro-1,3-phenylene bis[4 0 -(9-decenyloxy)-1,1 0 -biphenyl] carboxylate in its nematic and solid phases. 90 The 13 C chemical shifts from the molecular core have been studied as a function of temperature to extract its molecular geometry and orientational order. The C-H dipolar couplings obtained from the separated local field experiment for the aromatic rings provided the local order parameter tensors. There have been reports on the observation of the biaxial liquid crystalline phases using NMR [91] [92] [93] [94] [95] . A Novel NMR approach was presented to infer biaxiality in liquid crystals in the year 2000. 91 During the period under report, many studies have been undertaken. The temperature dependence of the deuterium quadrupolar coupling constant and asymmetry parameter obtained from deuterium NMR spectroscopy has been used to examine the molecular order exhibited by an organosiloxane tetrapode liquid crystal and the existence of a biaxial nematic phase has been proposed. 92 Two distinct temperature regimes have been identified; one with a vanishing asymmetry parameter has been attributed to a uniaxial nematic phase and another with a significant temperature dependent asymmetry parameter to a biaxial nematic phase. The high value obtained for the asymmetry parameter in the latter case is considered to constitute a definite proof of the biaxial nature of the nematic phase exhibited by the compound. A liquid crystal mesogens based on a nonlinear oxadiazole unit has been synthesised for which evidence for biaxiality has been reported using 2 H NMR spectroscopy. 93 Twodimensional powder spectra, obtained by spinning a 2 H-labeled samples about an axis perpendicular to the magnetic field at around 200 Hz, has been used to obtain the phase biaxiality parameter. Variable-angle deuterium NMR measurements of nematic liquid crystalline side-chain polymers have been made where the authors report finding proof of the existence of a biaxial nematic phase in a system with a side-on attachment of the mesogenic group to the polymer backbone. 94 The experimental approach has been validated first on a uniaxial end-on nematic polymer and the reliability of the results has been studied in detail using two-dimensional correlation spectra. Deuterium quadrupolar interactions have been used to measure chain ordering for poly (dimethylsiloxane) elastomers under planar biaxial extension. 95 The NMR spectral splittings obtained from two different deuterium-labeled probe molecules diffusing within the network are a function of extension ratio and the orientation of the principal axes of deformation with respect to the magnetic field. Theoretical predictions are found to be in good agreement with the experimental data which are interpreted in terms of the distribution of chain segment directors. The order of many biological tissues in the presence of ageing, injuries or regeneration can be quantified by the order parameters of the angular distribution function. For collagen fibers in Achilles tendon, they have been obtained from the anisotropy of 1 H residual dipolar couplings of bound water, which were determined model-free from the excitation efficiency of the multipolar spin states and from double-quantum filtered line splitting. 96 13 C and 1 H NMR spectroscopy have been used to study the orientational order which develops when a nematogenic compound, 4-pentyl-4 0 -cyanobiphenyl (5CB), approaches the transition from the isotropic to the nematic phase at T NI . 97 The experiment yields values of field induced dipolar couplings between all of the directly bonded carbon and hydrogen nuclei and the geminal dipolar coupling between protons in the first methylene group in the alkyl chain. The couplings show a divergence behavior as the temperature approaches T NI. The induced couplings depend on the square of the applied field strength as confirmed by experiments performed at field strengths of 11.75 and 18.79 T. It is shown that the set of field-induced couplings obtained close to T NI can be used to derive a conformer distribution for 5CB in the isotropic phase.
Orientational ordering in stretched polymer-dispersed liquid crystal (PDLC) droplets in the nematic and isotropic phases has been investigated using deuterium NMR. 98 The surface order parameter and the thickness of the interfacial layer have been obtained and interpreted using suitable models. Surface ordering transitions at a liquid crystal-solid interface above the isotropic smectic-A transition have been monitored via deuterium NMR line splitting and line width and explained in terms of a simplified model of surfaceinduced layering and molecular self-diffusion. 99 Deuteron NMR has been used to determine the director configuration and the orientational order for hydrophilic aerosil dispersions in octylcyanobiphenyl liquid crystal. 100 The effect of disorder in the behavior of liquid crystal has been assessed and controlled by dispersing known amounts of SiO 2 aerosil in the liquid crystal material. Deuterium NMR and small-angle X-ray scattering study of ordering and phase transition behavior of octylcyanobiphenyl (8CB) liquid crystal confined to a controlled-pore glass (CPG) have been reported. 101 Information on the nematic and smectic phase ordering has been obtained and the results indicate that the average nematic and smectic order parameters of 8CB in the nontreated CPG are only weakly perturbed by the confinement. Proton spectra of the heterogeneous system, 5CB-MCM, have been obtained in the nematic and crystalline temperature range of bulk 5CB, and it is observed that there is no ordering of these molecules in the channels of MCM. 102 1 H NMR spectroscopy has been employed to determine director distribution in a hydrogen-bonded liquid crystal gel consisting of the mesogen 8CB mixed with a small percentages of a gelator in the presence of a magnetic field. 103 The NMR spectra of the samples have been used to obtain information on orientation and order in such systems. A simple model for the director field has also been provided. 2 H NMR spectroscopy has been used to study the orientational order of the phenyl fragment of a ferroelectric liquid crystal polysiloxane (poly11EB1M7-d2). 104 From the analysis of the deuterium line shapes, the effect of the magnetic field on the mesogen alignment and the ferroelectric helix distortion have been determined. The structure of a liquid crystal with intramolecular hydrogen bonding, 5-butoxy-2-[(4-butylphenyl)azo]phenol, has been determined by X-ray diffraction and NMR studies in the nematic phase. 105 Using natural abundance and deuterium labeled samples in the liquid crystalline phase, 1 H- 13 C and 2 H-13 C dipolar coupling constants have been obtained and the order parameters of the phenyl rings as well as the bond distances and bond angles in the H-bonded moiety have been calculated.
Membranes and Molecules Oriented Therein
The physical properties of bicelles which are an attractive membrane mimetic system have been reviewed and their utility for studying the interaction and structure of membrane peptides and proteins by solid-and solution-state NMR methodologies has been delineated. 106 The effects of bilayer surface charge on the conformation of the phosphocholine group of phosphatidylcholine have been studied by analyzing quadrupolar and dipolar splittings, respectively, in 2 H and 13 C NMR spectra of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) labeled in the phosphocholine group with either deuterons or carbon-13 and incorporated into magnetically aligned bicelles containing various amounts of either the cationic amphiphile 1,2-dimyristoyl-3-trimethylammoniumpropane (DMTAP) or the anionic amphiphile 1,2-dimyristoyl-sn-glycero-3-phosphoglycerol (DMPG). 107 From the data the two order parameters specifying the director (long axis) orientation relative to the molecule and the internal torsional angles of the phosphocholine head group have been obtained and further analyzed in terms of the bilayer surface charge. Deuterium NMR has been used to investigate the response of saturated chain orientational order to pressure in single-component and two-component liquid crystal bilayers of lipids having saturated chains of different lengths (dipalmitoyl phosphatidylcholine and dimyristoyl phosphatidylcholine) or having one saturated chain and one unsaturated chain (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine). 108 The observations provide insight into how the response of the bilayer to pressure is distributed over interacting components with different intrinsic properties.
The suitability of charged polyacrylamide-based copolymers for obtaining weak alignment of membrane proteins reconstituted in detergent micelles has been explored. 109 Varying the copolymer composition, both positively and negatively charged as well as zwitterionic gels that are very stable at low concentration and produce weak alignment on compression in an NMR tube have been prepared. Application of this method is demonstrated for the integral membrane protein OmpA in DPC micelles. The three-dimensional backbone structure of a membrane protein with two transmembrane helixes in micelles has been determined based on the measurement of backbone 1 H-15 N residual dipolar couplings from samples of two different constructs that align differently in stressed polyacrylamide gels. 110 The system studied is the helixloop-helix core domain of the mercury transport membrane protein MerF. The orientation of the two vicinal pairs of cysteine residues, shown to be involved in the transport of Hg(II) across the membrane, has also been determined. The structure and membrane interaction of the N-terminal sequence of the bovine prion protein has been investigated in phospholipid membrane mimetic systems. 111 An alpha-helix structure was found between residues Ser8 and Ile21 in DHPC micelles. In the bicelles the amide hydrogen exchange and the 2 H NMR results indicate that protein forms a stable helix that inserts in a transmembrane location in the bilayer. The measurement of residual dipolar couplings and residual chemical shift anisotropies (RCSAs) in combination with two other experiments namely HMQC-NOESY and 1 H-15 N heteronuclear NOE experiments has been suggested for determining the structure and dynamics of a membrane protein in micelles. 112 The results on the membrane-bound form of Pf1 coat protein show that the protein has a 20-residue trans-membrane hydrophobic helix with an orientation that differs by about 901 from that of an 8-residue amphipathic helix. This combination of three-experiments has been predicted to have the potential to contribute to high-throughput structural characterizations of membrane proteins. The periodic variation observed in the magnitudes of dipolar couplings in the backbone of a protein as a function of residue number referred to as dipolar waves, 113, 114 provides a direct link between experimental measurements of dipolar couplings in aligned samples and the periodicity inherent in regular secondary structure elements. A semi-empirical approach that exploits the modulation of the amplitude and average of dipolar waves to determine the topology of alpha-helical proteins has been proposed. 115 The application of this method for the structural determination of a detergent solubilized membrane protein, phospholamban that is involved in calcium regulation of cardiac muscle has been described. A novel approach for simultaneous resonance assignment and three-dimensional structure determination of a membrane protein in lipid bilayers has been described. 116 The approach is based on the scattering of 15 N-labeled amino acids throughout the protein sequence and requires samples in which one type of amino acid is labeled and the others are not. This simplifies assignment and by taking advantage of the orientational information inherent in the NMR spectra of aligned proteins, it is possible to simultaneously measure orientational restraints for structure determination.
The method has been demonstrated for the membrane-bound form of the 50-residue major pVIII coat protein of fd filamentous bacteriophage. Orientation of the antimicrobial peptide PGLG in lipid membranes has been determined from 19 F-NMR dipolar coupling measurements. Several analogs of PGLG were synthesized with the non-natural amino acid 4-trifluoromethylphenylglycine (CF 3 -Phg) at different positions throughout the helical peptide chain. 117 Both the anisotropic chemical shift and the homonuclear dipolar couplings within the rotating CF 3 -group have been measured which determine the tilt of the CF 3 -rotational axis, which is rigidly attached to the peptide backbone, with respect to the external magnetic field direction. Using four CF 3 -labeled peptide analogs it is shown that PGLG is aligned at the surface of the lipid membranes with its helix axis perpendicular to the bilayer normal. The azimuthal rotation angle of the helix has also been determined. The interaction of ethanol with phospholipids has been studied in bicelles by measuring residual dipolar couplings and residual deuterium quadrupole splittings in labeled samples and the analysis of the data yielded the following information: i) about 4% of ethanol is bound to phosphatidylcholine at a bicell concentration of 14 wt.% at 401C; ii) free and bound ethanol are in rapid exchange and iii) the lifetime of ethanol association with phosphatidylcholine membranes is of the order of a few nanoseconds. 119 Using gas-phase geometries, the orientation tensor S for each amide has been obtained and the extent of orientation has been related to the amide geometry such as the relative orientation of the methyl group with respect to the carbonyl group in the molecule-strong orientation arises with N-Me situated trans to the carbonyl group. Solvent effects of liquid crystal solvents on the determination of molecule structure have been investigated using furan and thiophene as probes. 120 Solvent effects in weakly aligned lyotropic liquid crystals and some thermotropic liquid crystals were negligible and the determined structural parameters were in good agreement with expected values. The solvent independence of the structural parameters measured in these systems makes them suitable for general use in structural studies. The orientational order of three substituted benzenes as solutes in the liquid crystal 8CB has been obtained in the nematic and smectic-A phases. 121 A change in the temperature dependence of orientational ordering has been observed at the nematic to smectic-A phase transition. The nematic-smectic coupling determined from the results, appears solute independent. Solute Smectic A order parameters have also been obtained. 1 H-13 C residual dipolar couplings of triglycine partially aligned in a lyotropic liquid crystalline medium (cetylpyridinium bromide/n-hexanol) have been obtained and the conformation of triglycine established as trans-trans. 122 The structure of the ring and the ene fragments of the molecule styrene has been investigated using the proton NMR spectra of two 13 C-labeled isotopomers of styrene dissolved in two liquid crystal solvents. 123 The obtained dipolar couplings corrected for small-amplitude vibrational motion have been analyzed. It is concluded that the ring fragment, averaged over the ring-ene rotation, is planar, while the ene fragment is not. The angular value corresponding to the maximum in the ring-ene bond rotational probability distribution has also been obtained. 1 H multiple quantum (MQ) NMR spectra of toluene and p-bromotoluene, partially aligned in a liquid crystalline solvent, have been acquired using gradient-assisted methods. 124 The spectra were analyzed to obtain the dipolar couplings, which were used to determine the molecular shape and average orientation. The inclusion complex of cryptophane-A and chloroform dissolved in two liquid crystalline environments has been investigated by monitoring the 1 H-13 C dipolar splitting of the 13 C resonance of labeled chloroform. 125 The dipolar splitting for the bound ligand was substantially larger than that obtained for the free ligand, indicating a significant increase in ligand ordering upon complexation. The application of heteronuclear decoupling to the solution resulted in a reduced line width for the bound 13 C chloroform resonance, suggesting that a significant component of the observed line broadening may originate from intermolecular couplings between host and guest molecules. Conformational characteristics of 1-butanol incorporated in hexagonal and lamellar aggregates formed by a lyotropic liquid crystal composed of sodium octanoate, 1-butanol, and water as well as in a thermotropic liquid crystal, 4-methoxybenzylidene-4 0 -n-butylaniline (MBBA), have been investigated using 2 H quadrupolar splittings of the perdeuterated and partially deuterated compounds. 126 Strong trans preferences and extended conformations in the lyotropic phase and globular conformations in MBBA have been inferred and the details have been presented.
Cross-polarization in the solution state has been employed for the selective observation of scalar-coupled quadrupolar nuclei in anisotropic phases. 127 The method has been applied to a mixture of beryllium fluoride complexes. Despite severe overlap in the 9 Be spectrum, a quadrupolar splitting was observed for BeF 3 À whereas no such splitting was resolved for BeF 4 2À . NMR spectra of 13 Ciodomethane dissolved in thermotropic and lyotropic liquid crystalline solvents have been used to measure 1 H-1 H and 13 C-1 H dipolar couplings. 128 From the ratio of these two couplings the H-C-H bond angle in 13 C-iodomethane has been estimated. In thermotropic liquid crystals the deviation of the bond angle from the ideal value was found to increase with decreasing molecular ordering while in lyotropic liquid crystals, no significant changes were detected, indicating a fundamental difference in the solvent-solute interactions that prevail in the two types of liquid crystals. Further, the spectra have been obtained under spinning at various angles with respect to the static magnetic field. 129 In this case the ratio of 1 H-1 H and 13 C-1 H dipolar couplings does not change significantly with the scaling of the dipolar couplings due to spinning at different angles. This result implies that the apparent bond angle deviations observed in the case of thermotropic liquid crystals, arise from a solvent effect and are not an artifact from scaling of the anisotropic interactions. Sixth, seventh and eighth quantum spectra of partially oriented styrene in a nematic liquid crystal have been acquired and iteratively solved to yield all intramolecular dipolar couplings which were used to determine the molecular shape of styrene. 130 The analysis of the dipolar couplings without vibrational corrections was consistent with a non-planar molecular geometry with a dihedral angle of about 16 degrees between the olefinic fragment and the aromatic ring. A dimethylsulfoxide (DMSO)-compatible orienting medium has been identified and organic molecules of different complexity have been aligned in such a way that C-H dipolar couplings up to 29 Hz are observed. 131 This paves the way for the simultaneous determination of conformation and configuration of organic compounds by NMR spectroscopy and thus enables the determination of the stereochemistry of natural products. The ordering properties of an anisotropic liquid crystal can be studied by recording 13 C NMR spectra at different temperatures for a number of rigid solutes. However, this approach requires information about the carbon shielding tensors which is scarce. This obstacle is proposed to be overcome by computing high-level ab initio shielding tensors and also including the solvent effects. 132 The reliability of this approach has been verified and the order parameters of several solutes have been obtained. Dilute liquid crystal solvents at different concentrations have been used to study the effect of partial alignment on chemical shift and residual dipolar couplings in small molecules. 133 It is observed that the chemical shift does not change over the concentration range studied while residual dipolar couplings exhibit a linear relationship at relatively low concentrations. A swollen lamellar phase based on sodium dodecyl sulfate, pentanol and NaBr brine, has been examined by means of NMR spectroscopy of quadrupolar nuclei, namely 2 H, 17 O, 23 Na and 81 Br, present at natural abundance. 134 This dilute lyotropic liquid crystal was found to be capable of inducing a preferential orientation of the cobalt coordination compounds [Co(en) 3 ] 31 and Co(acac) 3 , and of organocobaloxime [ClCD 2 Co(Hdmg)2H 2 O], which were monitored by the quadrupolar splittings of 59 Co NMR signals in the former case and deuterium in the latter case.
Quantum Computing
In recent years there has been significant interest on quantum information processing by NMR using oriented molecules in view of the several advantages offered by these systems. These include a larger network of coupled spins, shorter computation time and the possibility of exploitation of spins I 4 1/2. The disadvantages are the strong coupling among the spins and larger line widths. The literature in this area covers some of these aspects as well as presents some innovative new developments. A systematic study of relaxation in the context of NMR quantum computing has been undertaken. 135 The longitudinal relaxation of several coherent states of the four-level, two-qubit quadrupole system, 23 Na (spin 3/2) in a lyotropic liquid crystal system has been reported. Relaxation of pseudo pure states, simulated pseudoBell states and Hadamard states have been investigated. Spin-lattice relaxation results follow a multi-exponential model and from the relaxation curves which are governed by initial conditions individual transition rates are derived. The transverse relaxation time constant T 2 is found not to depend on the initial distribution of populations. A technique named as NMR Photography has been presented. 136 This is based on the application of a multi-frequency weak pulse to a liquid crystal which excites narrow 1 H NMR peaks at the applied frequencies. 137 By setting the amplitudes of selected harmonics of this excitation to zero, this method can be used to store upto1024 bits of binary information in the liquid crystal molecule. When the information is retrieved in the form of a spectrum, which is plotted as an array of 32 or 16 segments, the stack of spectral segments reproduces a 2D input pattern quite well and resembles a photograph. The details of the technique have been presented. A similar approach, which utilizes spatial encoding in the presence of a gradient instead of the liquid crystal molecule, has also been reported. 138 Increasing the number of qubits required for quantum information processing by NMR is hindered by two major requirements (i) mutual coupling among qubits and (ii) qubit addressability. Coupling over long distances between spins can be achieved by orienting the spin system in a liquid crystalline matrix. Though the strongly coupled spins can no longer be treated as individual qubits, the 2 N energy levels of an N spin-1/2 system can be treated as an N-qubit system. The energy level diagram of such a heteronuclear 5-spin system has been obtained by using a newly developed heteronuclear z-COSY experiment. 139 With this system, the implementation of logic gates, preparation of pseudo pure states, creation of entanglement, and entanglement transfer has been demonstrated, validating the use of such systems for quantum information processing. Entangled quantum states can be used to amplify perturbations and to increase changes in observable values. 140 This has been demonstrated using the entangled state of six proton spins and a single-labeled 13 C-benzene in a liquid crystalline matrix. A method for performing quantum state tomography for quadrupolar nuclei is presented and demonstrated on 23 Na in a lyotropic liquid crystal. 141 The following applications have been described: (a) the tomography of pseudo-pure states, (b) the tomography of free evolution of the density matrix and (c) the unitary state evolution of each qubit in the system over the Bloch sphere upon the application of a Hadamard gate. Experimental realization of a qutrit (system with three states) by NMR utilizing deuterium (spin-1) nuclei partially oriented in a liquid crystal phase reported earlier has been published. 142 Preparation of pseudo pure states and implementation of unitary operations are demonstrated in this single-qutrit system, using transition selective pulses. A molecule of a nematic liquid crystal which gives rise to an NMR spectrum with many resonance lines has been considered as a model for a quantum information system. 143 This model is considered for development of schemes for experimental implementation of a universal set of gates, which will be sufficient to construct quantum algorithms of arbitrary complexity.
Weak Ordering and Biomolecular Studies
This is an area that has received considerable amount of attention and the literature covering this area has been divided into the following sub-sections: Reviews and General studies, Orienting Media, New Experimental Methodologies, New Pulse Schemes, Computational Methods, Structure, Conformation, Domain Orientation and Dynamics Studies on Proteins, Peptides, Nucleic Acids and Carbohydrates.
11.1 Reviews and General Studies. -A number of general reviews on the utilization of residual dipolar couplings (RDC) in the determination of macromolecular structure are available. [144] [145] [146] [147] [148] [149] [150] In addition, specific areas such as description of media that are used for obtaining the required small degree of alignment in the magnetic field, experimental strategies used to extract the anisotropic information, the different approaches used to interpret the available information and the use of dipolar couplings in structure calculations have been discussed. A review of the media that have been commonly used for aligning proteins in a magnetic field for NMR has been made and the procedure for synthesis of some of them is described. 151 Variable angle sample spinning (VASS) NMR studies of membrane-associated biological molecules has been reviewed. 152 Such studies provide , for example, information on 31 P chemical shift anisotropy of phosphatidylinositol phosphates embedded in a lyotropic liquid crystal membrane mimic. Studies on molecular interactions of proteins and their carbohydrate ligands by NMR has been reviewed and the application of NMR in the liquid crystalline phase to protein-carbohydrate interaction research field has been heighlighted. 153 Studies on small oligosaccharide epitopes conformations obtained by measurements of residual dipolar coupling in liquid crystal solutions along with NOE studies, molecular modeling has been presented. 154 NMR methods have been discussed for determining interdomain orientation based on long-range inter-nuclear vector constraints arising from the anisotropy of molecular tumbling or molecular orientations in solution. 155 Topics include methods of orienting individual domains and determination of the alignment tensor and overall rotational diffusion tensor of a molecule, illustrated with structural characterization and dynamics of diubiquitin. The utility of residual dipolar couplings in several areas such as the global organization of multi-domain proteins and complexes in solution, collective motions of domains or secondary structural elements occurring over sub-millisecond timescales, the detection of the existence of multiple conformations and the presence of conformational fluctuations and molecular flexibility have been highlighted. 156 Recent advances in measurements of residual dipolar couplings on the scope of RNA structure determination have been reviewed. 157 Degeneracies associated with the RDC data have been considered and the methods that can assist in resolving the ambiguities described.
Transverse relaxation-optimized spectroscopy (TROSY)-based NMR experiments for obtaining RDC's as well as other spectral parameters have been presented. 158 A methodology that allows for the structural and dynamic characterization of biomolecules by means of projection restraints obtained from residual magnetic dipolar couplings has been dealt with. 159 As dipolar couplings reflect the projection of individual inter-nuclear vectors onto the alignment tensor, the technique allows the determination of the dynamics of the protein backbone on time-scales that have been previously inaccessible to other NMR techniques. Information about the anisotropy of the motion is also obtained. The Rosetta NMR approach 160 that combines limited NMR experimental data and the Rosetta algorithm that predicts protein three-dimensional structures using only sequence information has been reviewed in which RDC's along with other structural constraints have been considered. 161 An analysis of the steric and chiral requirements of protein secondary structures has been made and a quantitative correlation between structure periodicity and the experimental values of the backbone residual dipolar couplings has been obtained. 162 A general parametric equation which interprets the modulation of the periodicity of the residual dipolar couplings in terms of the secondary structure orientation with respect to an arbitrary reference frame has been proposed, which is expected to serve as a fast tool for determining protein folding by NMR spectroscopy. The effect of inclusion structural restraints based on residual dipolar couplings on the hydrogen bond geometry in three different proteins has been examined. 163 It is noted that while restraints based solely on 1 H-15 N residual dipolar couplings does not improve the hydrogen bond geometry, inclusion of several types of RDCs along with other constraints improved the geometry to a quality comparable to that of high resolution X-ray structures.
Orienting
Media. -Lanthanide ions are known to provide an anisotropic magnetic susceptibility in target molecules either by replacing a calcium ion with a lanthanide ion in calcium-binding proteins or by attaching an EDTA derivative to a cysteine residue via a disulfide bond. A new enantiomerically pure EDTA derived tag that aligns strongly in a magnetic field and does not suffer from stereo chemical diversity upon lanthanide complexation has been suggested. 164 Residual 15 N-1 H dipolar couplings of up to 8 Hz at a field of 800 MHz has been observed with this tag. The potential of the use of paramagnetic lanthanide ions to partially align troponin C in solution as a tool for the structure determination of bound troponin peptides has been investigated. 165 Two-dimensional 1 H-15 N HSQC NMR spectroscopy has been used to examine the binding order of Ce 31 , Tb 31 , and Yb 31 ions and residual dipolar couplings have been measured in the case of a bound human cardiac troponin I peptide. An extension of the model that predicts alignment of macromolecules in nearly neutral aqueous lyotropic liquid crystal media such as bicelles has been proposed for predicting both the orientation and magnitude of the alignment of protein and DNA solutes in charged nematic media, such as the filamentous phage Pf1. 166 The extended model approximates the electrostatic interaction between a solute and an ordered phage particle as that between the solute's surface charges and the electric field of the phage. The addition of this feature to the steric effects makes the extended model applicable to a variety of liquid crystalline systems used for orienting biological macromolecule. Strained polyacrylamide gels provide a method for inducing weak alignment in membrane proteins in micelles. However, their use is frequently limited by the ability to incorporate proteins and buffer solutions into the gel matrix. The implementation of several methods of incorporating membrane proteins into gels has been described. 167 Methods such as copolymerizing the protein without a change in pH and electrophoresis are discussed. The magnitude of alignment can be controlled by altering the gel concentration, the acrylamide/bisacrylamide ratio and the compression ratio. The alignment tensor can be altered relative to uncharged polyacrylamide gels by copolymerizing samples with acryl amide/acrylic acid to incorporate negative charges in the strained polyacrylamide gel so as to provide an alternate orientation. Paramagnetic lanthanide ions Tb 31 , Dy 31 and Tm 31 are shown to bind to the human ubiquitin with an N-terminal lanthanide binding tag and enable observation of long-range orientational restraints. 168 RDCs, measured relative to the diamagnetic Lu 31 , range from À7.6 to 5.5 Hz for Tb 31 and À6.6 to 6.1 Hz for Dy 31 , while an opposite alignment tensor is observed for Tm 31 (4.5 to À2.9 Hz) at 800 MHz. The effects of small neutral molecules on the liquid crystalline ordering of dimyristoyl-phosphatidylcholine (DMPC)/dihexanoyl-phosphatidylcholine (DHPC) bicelles have been studied by 2 H, 31 P, and 13 C spectroscopy at variable-temperatures. 169 The addition of chloroform was observed to lower as well as reduce the temperature range of the liquid crystalline portion of the bicelle phase diagram. Other model dopants like THF and benzene were observed to yield smaller effects. Molecular dynamics simulations on the interactions of dipalmitoylphosphatidylcholine (DPPC) bilayers in its liquid crystalline phase with a number of small molecules including trehalose, a disaccharide of glucose, alcohols and dimethylsulfoxide (DMSO) have been compared. 170 The parameters used for this comparison are the area per molecule in the plane of the bilayer, the membrane thickness, and the order parameter of DPPC hydrocarbon tails obtained from NMR studies. It is observed that the sugar molecules tend to stabilize the structure of the bilayer as they bridge adjacent lipid head groups whereas alcohols and DMSO destabilize the bilayer as they increase its area per molecule in the bilayer plane and decrease the order parameter. Sodium cation orientation has been used to study the phase behavior of bicelle solutions. At a temperature of 341C, the 23 Na NMR spectra for NaCl dissolved in the nematic phase of dimyristoylphosphatidylcholine (DMPC)/dihexanoyl-phosphatidylcholine (DHPC) bicelle solution display line splittings consistent with the expected residual quadrupolar interaction. 171 At temperatures exceeding 401C additional residual 23 Na satellite transition lines develop, suggesting that a new ordered phase, identified to be similar to pure DMPC, is present.
New Experimental
Methodologies. -Several reports on experimental methodologies aimed at obtaining new information, improving the accuracy of measurements and for increasing the speed of spectral analysis and structure determination have appeared. A method for accelerating structure determination of proteins by simultaneous assignment and structure determination of protein backbones by using the residual dipolar couplings has been proposed. 172 The method is based on the integration of bioinformatics tools with NMR data and it is demonstrated that folds for proteins up to around 125 residues can be achieved rapidly and without manual intervention. A technique for determining the alignment tensor of a weakly aligned protein using only alignment-induced 15 N transverse relaxation optimized spectroscopy (TROSY) chemical shift changes has been proposed. 173 Such changes reflect the combined contributions from two different anisotropic spin interactions namely, the residual dipolar couplings (RDCs) and the residual chemical shift anisotropy effects (RCSAs) and have been used to determine a weakly aligned protein's alignment tensor. The method has been demonstrated for 15 N-labeled ubiquitin in an aligned medium. Methods have been described for the precise and accurate measurement of one-bond dipolar 13 C 0 -13 C a couplings in weakly aligned proteins. 174 The experiments are based on the principle of quantitative J correlation, where 1 J C 0 C is measured from the relative intensity of two interleaved 3D spectra recorded with dephasing intervals of zero (reference spectrum) and approximately 3/(2 1 J C 0 Ca ) (attenuated spectrum). The methods are demonstrated for the third IgG-binding domain of protein G (GB3) and asynuclein in complex with a detergent micelle. In systems which exhibit relatively large ordering with RDCs that can be on the order of J-couplings, the performance of 1 H-15 N polarization transfer methods of the INEPT type may not be satisfactory. In such cases an adiabatic-passage cross-polarization (APCP) is proposed and applied to the bicelle-associated peptide Leucine Enkephalin. 175 APCP is found to be efficient both in static samples and in samples spun at the magic angle or any other angle of the spinning axis to the magnetic field. The unambiguous determination of the 1 H-15 N RDCs in the case of Leucine Enkephalin was accomplished by means of the variable angle spinning experiments. NMR spectra of ubiquitin oriented in bicelles have been recorded under sample spinning conditions for different angles of rotation. 176 When the axis of rotation is at the magic angle, the 1 H-15 N HSQC allows the measurement of scalar J-couplings. By changing the angle of spinning with reference to the magnetic field in a controlled manner, desired amounts of residual dipolar couplings have been introduced which has been investigated. For situations in which a focus on the determination of the backbone structure of a protein, as opposed to a complete all-atom structure, may suffice, a protocol has been described that can produce a backbone structure of a protein without the need for extensive experiments directed at side chain resonance assignment or the collection of structural information on side chains. 177 The procedure relies primarily on orientational constraints from residual dipolar couplings as opposed to distance constraints from NOEs. Procedures for sample preparation, data acquisition, and data analysis have been described, along with examples from application to small target proteins. A fast method for assessing directly the degree of protein alignment from proton-proton residual dipolar couplings has been proposed and demonstrated for the case of unlabeled Cp-rubredoxin for which RDCs between aromatic protons were measured from proton homonuclear J-resolved experiments and the alignment assessed without the use of extensive resonance assignment. 178 It has been demonstrated that exclusive 13 C-only spectroscopy can be routinely used to measure an extensive set of the side-chain residual 13 C-13 C dipolar couplings in uniformly deuterated and 13 C-labeled proteins. 179 An excellent correlation between measured RDCs and the 3D structure of the protein, human ubiquitin in the presence of bacteriophage Pf1 was observed indicating a potential use of the 13 C- 13 C RDCs in the structure determination of perdeuterated proteins. The problem of the observation of long-range RDCs in the presence of many short-range residual dipolar couplings has been dealt with. 180 Perdeuteration of proteins followed by reprotonation of labile hydrogen positions is reported to greatly alleviate this problem. For small perdeuterated proteins, it is shown that a large number of long-range RDCs can be observed as in protein G The accuracy of the coupling constants is high and defines individual inter-nuclear distances to within few picometers.
Improved accuracy in protein structure determination for large deuterated proteins via the combination of pseudo contact shifts for amide and methyl protons with the available NOEs in methyl-protonated proteins has been demonstrated. 181 The paramagnet is introduced through its binding to thiolreactive EDTA and multiple sites can be serially engineered to obtain data from alternative orientations of the paramagnetic anisotropic susceptibility tensor. The technique is advantageous for systems where the target protein has strong interactions with known alignment media. For understanding the precise mechanisms of molecular recognition of proteins, three-dimensional structural analyses of the protein-protein complexes are essential. For this purpose, a method to reveal complex structures has been proposed which utilizes saturation transfer (SAT) and residual dipolar couplings. 182 The SAT and RDC experiments provide the information of the interfacial residues and the relative orientations of the two protein molecules respectively and a docking simulation then enables reconstruction of the conformation of the complex. Individual transitions of magnetically equivalent spin systems such as methyl groups in isotropically tumbling molecules in solution usually cannot be observed as multiplet-split NMR lines. To overcome this limitation and to enable direct selective observation of individual 1 H transitions in 13 C-labeled methyl spin systems, a pair of HSQC type experiments have been proposed. 183 The use of these experiments for the measurement of RDCs is demonstrated with two proteins, one weakly aligned by means of Pf1 phages and the other using a naturally present paramagnetic heme group.
11.4 New Pulse Schemes. -A general method for constructing optimized coherence-transfer pulse-sequence elements has been proposed. 184 As an illustrative application, the method is used to quantitatively measure 1 H-1 H and 1 H- 13 C residual dipolar couplings in a 17 kDa protein weakly aligned by means of Pf1 phages. The transfer efficiency of cross-relaxation compensated Clean-TOCSY sequences has been analyzed for applications to residual dipolar couplings and it is observed that most conventional sequences are very inefficient for dipolar transfer. 185 A new family of clean dipolar TOCSY sequences has been proposed with excellent transfer efficiencies for a broad range of offset frequencies. A simple, sensitivity-enhanced experiment has been reported for accurate measurement of backbone 15 N-13 C a and 1 H N -13 C a couplings in proteins. 186 The measured residual dipolar couplings for protein GB1 display very good agreement with the refined NMR structure. It is observed that a Karplus-type relationship between the one-bond 1 J NCA couplings and the backbone dihedral c angles holds, and on the basis of the twobond 2J NCA couplings a secondary structure index can be established. New pulse schemes for simultaneous measurement of 1 D CaHa and 2 D NHa residual dipolar couplings in proteins in a HNCA-TROSY experiment have been reported and the reliability of the proposed approach tested with experiments on a sample of human ubiquitin. 187 Accurate values of the small one-bond 15 N- 13 C 0 and two-bond 1 H N -13 C 0 residual dipolar couplings which provide a set of important long-range constraints for proteins have been extracted using the echo-anti-echo manipulation in an E.COSY 15 N-1 H N HSQC spectrum.
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A coupled HSQC experiment modified with a G-BIRD(r) module has been proposed for accurate determination of small one-bond heteronuclear residual dipolar couplings. 189 The modification also has been applied in a TROSY sequence resulting in a significant sensitivity and resolution enhancement. Several sensitivity-enhanced experiments such as TROSY-anti-TROSY, E.COSY and IPAP (inphase-antiphase) experiments for measuring 15 N-1 H N , 13 C 0 -13 C a and 1 H a -13 C a dipolar couplings in proteins have been described. 190, 191 Homonuclear 1 H residual dipolar couplings truncate the evolution of transverse 1 H magnetization of weakly aligned molecules which leads to losses in sensitivity and resolution. To alleviate this problem, the homonuclear decoupling scheme namely the Lee-Goldburg decoupling sequence has been incorporated into INEPT-or HMQC-type transfer schemes and the method applied for sensitive detection of 1 H N -13 C long-range RDCs in a three-dimensional HCN experiment. 192 As compared to a conventional HCN experiment, an average sensitivity increase by a factor of 2.4 has been obtained for a sample of weakly aligned protein G making it possible to detect 170 longrange RDCs spanning a distances upto 4.9 Å . A new set of alpha proton detected three-dimensional NMR experiments for measuring residual dipolar couplings in proteins has been presented. 193 Such experiments are especially suitable for small or medium sized proline-rich proteins, or proteins that require high pH solvent conditions, making 1 H N detected experiments unattractive. The pulse sequences, balanced for cross-correlation effects and minimized for relaxation losses have been tested on a sample of 15 N/ 13 C labeled human ubiquitin. A new 3D sequence that can be used to measure the C a -H a scalar and dipolar coupling constants with a high sensitivity in 13 C/ 15 N-labeled proteins has been proposed. 194 This easy to implement sequence has been demonstrated on the C-terminal domain of the human Ku-80 protein. It is observed that the sensitivity enhancement is more pronounced for structured regions than unstructured regions with an average of 50-60% enhancement being observed in the well-structured regions of the protein. A strategy designed to measure simultaneously scalar and dipolar couplings in 13 C-, 15 N-labeled proteins has been presented. 195 This is accomplished by a common reference spectrum followed by a series of interleaved experiments in which a particular coupling dependent parameter is varied according to the quantitative J-correlation method or using accordion spectroscopy. The experiments are expected to be useful for largely unfolded proteins, which show strong resonance overlap but have favorable relaxation properties. Measurement of RDCs has been demonstrated on uniformly 15 N-13 C-labeled ubiquitin and on the sensory domain of the membranous two-component fumarate sensor DcuS of Escherichia coli. A new 3D, spin-state-selective coherence transfer NMR experiment has been described that yields accurate measurements of eight scalar or dipolar couplings within a spin system composed of a methylene adjacent to a methine group. 196 The experiments are demonstrated for C b -C a moieties of the third IgG-binding domain from Streptococcal Protein G and for C 5 0 -C 4 0 groups in a 24-nucleotide RNA oligomer. The experiment, based on relaxation-optimized spectroscopy, yields best results when applied to residues where the methine-methylene group corresponds to a reasonably isolated spin system. The abundance of dipolar couplings is also shown to yield stereo specific assignments of the non-equivalent methylene protons. Methods have been described for accurate measurement of multiple residual dipolar couplings in nucleic acid bases. 197 The methods use TROSY-type pulse sequences for optimizing resolution and sensitivity and rely on the E.COSY principle to measure the relatively small two-bond 2 D CH couplings at high precision. Measurements are demonstrated for a 24-nucleotide stem-loop RNA sequence, uniformly enriched in 13 C, and aligned in Pf1.
11.5 Computational Methods. -Testing structure-related NMR data obtained with partially aligned samples of biomacromolecules prior to structure calculations has been suggested. 198 Since only a limited number of frequencies corresponding to an interaction can be measured independently in a rigid fragment of the macromolecule for a given local geometry, internal consistency of sufficiently large sets of frequencies measured in individual molecular fragments can be tested by comparing the experimental data with their predicted values. The test is best suited for planar fragments and application of the method to peptide bonds and nucleic acid bases has been demonstrated. Macromolecular alignment in nematic virus suspensions has been modeled and applied to predict the residual dipolar couplings between 15 N and 1 H nuclear spins in the Ig-binding domain of streptococcal protein G. 199 The interpretation of residual dipolar couplings for extracting molecular dynamics has been dealt with and the difficulties that are associated with a straightforward analysis of the data have been enumerated both for paramagnetic alignment and alignment due to steric obstruction as in the case other weakly ordering systems. 200 The effect of small amplitude anisotropic peptide plane motion on residual dipolar couplings measured in proteins has been investigated. 201 Using the GAF (Gaussian axial fluctuation) model to describe conformationally averaged RDC leads to a more accurate definition of the alignment tensor magnitude and it is shown that the method can be used to detect average small amplitude motions in protein backbones on time scales not easily sampled by other NMR parameters. Protein backbone dynamics derived from N-H N dipolar couplings in partially aligned systems using three different motional models in the presence of structural noise has been considered and an analysis of the dynamic motions of protein G has been made. 202 Local protein backbone dynamics on time scales reaching up to milliseconds have been investigated using residual dipolar couplings using an analytical description of conformational averaging in the presence of anisotropic peptide plane dynamics. 203 The technique has been validated by application to RDCs from protein G and by considering structures of lysozyme determined at different crystal diffraction resolutions ranging from 0.9 to 2.1 Å . The magnitude of the RDCs are influenced by bond vibrations, random angular fluctuations around bond vectors and conformational exchange. The effect that angular fluctuations have upon the RDCs has been compared using new as well as established models. 204 The consequences of the different types of angular motion for the accurate determination of bond vector orientation with respect to the molecular alignment tensor have been investigated. The origin of residual dipolar couplings from denatured proteins has been examined. 205 Effects of steric obstruction and spatial probability distributions have been considered to calculate residual dipolar couplings and residual chemical shift anisotropies from which chain length and residue position-dependent values have been obtained. Methods of aligning proteins which have been developed in order to measure residual dipolar couplings in solution can also be used for additional applications such as measuring the 15 N CSA in the form of chemical shift differences, Dd. 206 A new module for the program XPLOR-NIH has been developed that includes NMR structure refinement using the 15 N Dd data as restraints. An analysis comparing the structural information provided by NH RDCs and the 15 N Dd has also been included. In the context of the requirement of high-throughput structure determination protocols for structural genomics activities, a methodology that gains efficiency from a focus on determination of backbone structures of proteins as opposed to full structures with all side chains in place has been described. 207 The method is based primarily on residual dipolar couplings. A new software tool has been described for the assembly of backbone fragments under RDC constraints and an application to a structural genomics target namely, a 8.7 kDa protein from Pyrococcus furiosus, PF1061 has been presented. The interpretation of order parameters obtained from NMR experiments usually requires the assumption of a particular motional model. To circumvent this a simulation method has been proposed, in which the experimental order parameters are used as restraints in conjunction with a standard molecular force field. 208 The latter effectively acts as a motional model, allowing ensembles of structures consistent with the experimental order parameters to be determined. A quartic equation for computing the direction of an inter-nuclear vector from residual dipolar couplings measured in two aligning media and two simple trigonometric equations for computing the backbone (phi, psi) angles from two backbone vectors in consecutive peptide planes have been reported. 209 Based on these equations a novel algorithm for determining a protein backbone substructure consisting of alpha-helices and beta-sheets has also been proposed. The algorithm has been demonstrated on the protein human ubiquitin using only backbone NH RDCs, twelve hydrogen bonds and four NOE distance restraints. A computer program, RDC-PROSPECT, for protein structure prediction based on a structural homolog or analog of the target protein in the Protein Data Bank (PDB) and with the 15 N-1 H RDC data of the protein recorded in a single ordering medium has been reported. 210 The program has been tested on all 15 N-1 H RDC data deposited in the BioMagResBank (BMRB) database. The program is reported to have correctly identified structural folds for 83.7% of the target proteins, and to have achieved an average alignment accuracy of 98.1% residues within a four-residue shift. De novo determination of 15 N-1 H bond orientations and motional order parameters for the protein ubiquitin with high accuracy based solely on NMR residual dipolar coupling measurements made in six distinct alignment media has been reported. 211 The resulting bond orientations are in agreement with RDCrefined orientations of either solid or solution state coordinates to within approximately 21. In the context of the structural genomics initiative, a method for rapid classification of a protein to a fold family by the statistical analyses of 15 N-1 H residual dipolar couplings has been presented. 212 It has been shown that protein backbone assignment can significantly be simplified by matching experimental dipolar couplings to values back calculated from a known threedimensional structure. 213 For small proteins, a program, MARS, suggested for this purpose makes it possible to assign more than 90% of backbone resonances without the need for sequential connectivity information. For bigger proteins, it is shown that the combination of sequential connectivity information with RDC-matching enables more residues to be assigned reliably. In order to aid rapid analysis of protein-protein interactions, a method for the determination of molecular alignment tensors without backbone resonance assignment has been proposed. 214 It is shown that, when NMR resonances belonging to a specific amino acid type are selected either by amino acid specific labeling, by their characteristic C a /C b chemical shifts or by dedicated NMR experiments, molecular alignment tensors of proteins up to 80 kDa can be determined without prior backbone resonance assignment. Residual dipolar couplings have been used as structural restraints in the ab initio structure prediction of a test set of six proteins and it is observed that with a small number of RDC restraints, the quality of the predicted structures is improved. 215 A method for generating rapid and low-resolution protein structures by using unassigned NMR chemical shift (CS), NOE and RDC data has been proposed. 216 It relies on the de novo protein structure prediction algorithm, rosetta 160 and a Monte Carlo procedure that produces the best fit of the experimental NMR data to a candidate 3D structure. The method has been tested on nine protein sequences having residues ranging between 56 and 140 and using published CS, NOE, and RDC data. In order to fully benefit from the RDC data, accurate knowledge of the magnitude, D (a) and rhombicity R of the molecular alignment tensor, A, is important. An extended histogram method has been presented which extracts these parameters effectively from dipolar coupling data. 217 The method exploits the correlated nature of RDCs of structural elements of planar geometry in proteins and nucleic acids to generate an arbitrarily large number of synthetic RDCs. The resulting values of D (a) and R, are compared with histograms generated solely from the original sets of correlated RDCs. An alternative method uses a systematic grid search procedure, based on least-squares fitting of sets of correlated RDCs to structural elements of known geometry, and provides an unambiguous lower limit for the degree of molecular alignment.
11.6 Structure, Conformation, Orientation and Dynamics Studies. -Proteins and Peptides. It has been shown that the three bond C 0 -C g and N-C g J couplings and side chain dipolar couplings in proteins enable rotamer populations for the w 1 torsion angles to be derived and provide a view of side-chain dynamics that is complementary to that obtained from 13 C and 2 H relaxation. 218 The method also permits visualizing some of the rotameric averaging that occurs on a time scale too slow to be observable in traditional relaxation measurements. Measurements of a large set of protein backbone one-bond dipolar couplings have been carried out to refine the structure of the third IgG-binding domain of protein G (GB3). 219 Besides the commonly used orienting media such as bicelles, poly(ethylene glycol), and filamentous phage, dipolar couplings have also been measured when the protein was aligned inside charged stretched acrylamide gels. Detailed analysis of the obtained RDCs have also been presented. Backbone residual dipolar coupling data collected in five different media on the B3 IgG binding domain of streptococcal protein G (GB3) have been analyzed by simultaneous refinement of the coordinates and optimization of the magnitudes and orientations of the alignment tensors using single and multiple structure representations and a two-structure ensemble representation for the protein is proposed. 220 Analysis of a set of 100 such ensembles has been made which reveals the presence of some long-range correlated motions of N-H and C a -H a vectors involving residues far apart in the sequence but close together in space and also provides evidence for ubiquitous crankshaft motions along the entire length of the polypeptide backbone. Residual dipolar coupling measurements have been carried out on the DNA complex of Oct protein that contains two DNA binding domains connected by a flexible linker which interact with DNA in a bipartite manner. 221 The measurements reveal that the two domains are characterized by distinct alignment tensors in both phage pf1 and polyethylene glycol/hexanol liquid crystalline media. Upon binding of Sox2 protein to this system, all components of the ternary Oct1-Sox2-DNA complex share a single alignment tensor. Thus ternary complex formation is found to increase the site-specific affinity of Oct1 for DNA by effectively locking one of the domains in a single orientation on the DNA. The Escherichia coli nitrogen regulatory protein IIANtr has been characterized. 222 The residual dipolar coupling data for residues 11-155 measured in the presence of an alignment medium have been found to fit well to the coordinates of the molecules obtained from the dimeric crystal structure, indicating that the 3D structures in solution and in the crystal are similar for that protein region. Detailed analysis to identify secondary structural features and to characterize the interaction of IIANtr with its partner protein, NPr have also been undertaken. Deoxymyoglobin has been investigated by NMR spectroscopy to determine the magnetic anisotropy through pseudo contact shifts and by the measurement of the total magnetic susceptibility. 223 Residual dipolar couplings have also been obtained, which, together with pseudo contact shifts, show that the solution structure is very similar to that in the crystalline state. Residual dipolar couplings of backbone N-H N vectors measured in ubiquitin in several different alignment media have been analyzed and interpreted in terms of physically feasible cooperative reorientational motion of the helix with respect to the core of the Sprotein. 224 The RDCs are found to be compatible with a model in which all N-H N vectors of the a-helix of ubiquitin exhibit correlated anisotropic excursions with amplitudes of 211 and 121 along two orthogonal directions, both orthogonal to the helix axis. Such a motion is also compatible with NOE data and molecular force-field calculations.
15 N-1 H residual dipolar coupling analysis of native and alkaline-K79A Saccharomyces cerevisiae cytochrome c has been carried out. 225 RDCs due to field-induced orientation of oxidized-K79A and reduced cytochrome c at pH 7.0 and oxidized-K79A cytochrome c at pH 11.1 have been determined through measurements of amide 15 N-1 H couplings at 800 and 500 MHz. The results have been used to recalculate solution structures, obtain molecular magnetic susceptibility anisotropies, derive the RDC contribution of the paramagnetic metal ion in the oxidized protein and compare the mobility of the protein in both the oxidized states. CH a residual dipolar couplings have been measured for the oxidized cytochrome b562 from Escherichia coli as a result of its partial self-orientation in high magnetic fields due to the anisotropy of the overall magnetic susceptibility tensor and the structure is refined with the chemical shift index and RDCs. 226 It is also shown that the backbone folding can be determined using backbone restraints only, namely NOEs, hydrogen bonds, residual dipolar couplings, pseudo contact shifts, and chemical shift index. The conformational propensities of unfolded states of apomyoglobin have been investigated by measurement of residual dipolar couplings between 15 N and 1 H in backbone amide groups. 227 Weak alignment of apomyoglobin in acid and urea-unfolded states has been obtained with both stretched and compressed polyacrylamide gels. In 8 M urea solution at pH 2.3, conditions under which apomyoglobin contains no detectable secondary or tertiary structure, significant residual dipolar couplings of uniform sign were observed for all residues. At pH 2.3 in the absence of urea, a change in the magnitude and/or sign of the residual dipolar couplings occurs in local regions of the polypeptide where there is a high propensity for helical secondary structure. These results have been interpreted on the basis of the statistical properties of the unfolded polypeptide chain, viewed as a polymer of statistical segments. An approach that overcomes some of the challenges of structural studies of large protein complexes by traditional NMR methods which require extensive assignments and a large number of intermolecular restraints for the complex, has been proposed. 228 By utilizing orientational restraints from residual dipolar couplings, the method exploits existing structures of individual components to assemble rapidly models for relatively large protein-protein complexes. An application is illustrated with a 95 kDa homotrimeric complex of the acyltransferase protein, LpxA (UDP-N-acetylglucosamine acyltransferase), and acyl carrier protein. The structural model generated for this complex can be useful in the design of new anti-bacterial agents that inhibit the biosynthesis of lipid A component of lipopolysaccharide in Gram-negative bacteria. Orientation restraints derived from residual dipolar couplings and chemical shift anisotropy have been imposed in molecular dynamics simulations of proteins using time and ensemble averaging. 229 It is observed that the use of time or ensemble averaged restraints is essential without which the restrained vectors are reduced significantly which also has the effect of decreasing the apparent molecular order-parameter tensor. The magnitude of backbone internal motions in ubiquitin that needs to be invoked to account for dipolar coupling data measured in multiple alignment media has been investigated by simultaneous refinement of the coordinates and optimization of the magnitudes and orientations of the alignment tensors by means of torsion angle simulated annealing and Cartesian space minimization. 230 It is shown that N-H dipolar couplings in 11 different alignment media and N-C 0 , H N -C 0 , and C a -C 0 dipolar coupling in two alignment media can be accounted for, at approximately the level of uncertainty in the experimental data, by a single structure representation. Extension to a two-member ensemble representation which provides the simplest description of anisotropic motions in the form of a two-site jump model, results in modest, but significant, improvements in dipolar coupling R-factors. It is observed that extensions to larger ensemble sizes do not result in any R-factor improvement and that for most practical applications, refinement of structures against dipolar couplings using a single structure representation is adequate and will not adversely impact coordinate accuracy within the limits of the NMR method. Residual dipolar coupling data, together with NOE and scalar coupling data have been applied in refining the NMR solution structure of an engineered IgG-binding domain of Staphylococcal protein A containing small three-helix-bundle structures. 231 The results demonstrate that the three helices are almost perfectly antiparallel in orientation, with the first helix tilting slightly away from the other two helices. It is suggested that this high-accuracy structure might be a suitable target for theoretical predictions of the free domain structure. The orientation in solution of inhibitory domain of human TIMP-1 (tissue inhibitor of metalloproteinase) in the MMP-3 (matrix metalloproteinase 3) active site has been investigated using residual dipolar couplings. 232 Fitting of the RDCs to the X-ray structures of the complexes suggests general agreement, with a slight discrepancy in orientations in solution and crystal, which lies within the experimental uncertainties. A method for docking protein-protein complexes using 1 H N / 15 N chemical shift mapping and backbone 15 N-1 H residual dipolar couplings has been presented and illustrated with three complexes of known structure. 233 The chemical shift mapping data are transformed into a set of intermolecular distance restraints which are ambiguous while the dipolar couplings provide information on relative proteinprotein orientation. The optimization protocol employs conjoined rigid body/ torsion angle dynamics in simulated annealing calculations. In case of degeneracies of structures, the procedure for separating out the correct and incorrect solutions are also indicated. Structure refinement of both oxidized and reduced putidaredoxin (Pdx) has been carried out using a hybrid approach utilizing paramagnetic distance restraints and NMR orientational restraints in the form of backbone 15 N residual dipolar couplings. 234 Use of these new restraints has improved the structure of oxidized Pdx considerably over the earlier solution NMR structure obtained without RDC restraints, the new structure being much closer in overall fold to the X-ray crystal structures. The invariance of NMR residual dipolar couplings in denatured forms of staphylococcal nuclease to changes in denaturant concentration or amino acid sequence has been investigated. 235 For this purpose, RDCs of the wild-type nuclease with those of a fragment that retains a folded structure despite missing the last 47 of 149 residues are compared. Based on the observation that the RDCs of the intact protein and of the truncation fragment are substantially different under conditions that favor folded structure while there is a strong correlation between the RDCs under denaturing conditions, it has been concluded that RDCs are less sensitive to structural changes in the unfolded proteins which is consistent with a disruption of cooperative structure in the unfolded state. The structure of Sso10a, a DNA-binding protein from the hyperthermophile Sulfolobus solfataricus has been reported, with structure refinement being carried out with the inclusion of residual dipolar couplings from partially aligned samples. 236 The solution structure of the dimeric 81 residues human papillomavirus type 16 DNA binding domain obtained with the first use of RDCs for this family of proteins has been reported. 237 Details of the thermal unfolding of the C-terminal domain of T 4 fibritin (foldon) trimer to its monomeric A-state have been characterized by chemical shifts and residual dipolar couplings detected in mechanically stretched polyacrylamide gels. 238 At the onset of the thermal transition, uniform relative changes in RDC values indicate a uniform decrease of local order parameters for the hairpin strand residues. In contrast, near-turn residues show particular thermal stability in RDC values and hence in local order parameters. At high temperatures the RDCs converge to non-zero average values consistent with predictions from random chain polymer models. Residue-specific deviations above the unfolding transition reveal the persistence of residual order around proline residues, large hydrophobic residues and at the b-turn. The combined use of chemical shift, residual dipolar coupling, and backbone relaxation data have been suggested for characterizing the nature of a domain interface in a multi domain protein and illustrated with the interface between the 13th and 14th F3 module from fibronectin used as an example. 239 1 H, 15 N and 13 C resonance assignments and 15 N-1 H residual dipolar couplings for the a-adaptin ear-domain have been obtained and the derived solution structure is compared with the crystal structure. 240 Residual dipolar couplings in the denatured state of bovine acyl-CoA binding protein oriented in strained polyacrylamide gels have been shown to be a sensitive, sequence-specific probe of the secondary structure and supporting results have been obtained by comparing residual dipolar couplings under different denaturing conditions. 241 Effects of denaturants and substitutions of hydrophobic residues on backbone dynamics of denatured staphylococcal nuclease have been considered. 242 Analysis of residual dipolar couplings earlier indicated that its ensemble-averaged structure is resistant to perturbations due to denaturing conditions such as high concentrations of urea, low pH, and substitution of hydrophobic residues. However when the effects of these same perturbations on the backbone dynamics were examined through 1 H-15 N NMR relaxation methods, the transverse relaxation rates were found to be quite sensitive to denaturing conditions which have been attributed to regional variations in backbone dynamics in denatured Snase. The effects of divalent Mg 21 on the conformation and dynamics of the stem-loop trans activation response element (TAR) RNA from HIV-1 have been characterized using residual dipolar couplings. 243 Order matrix analysis of one bond 245 Based on agreement between predicted and experimental RDCs, two distinct groups of Asn and Gln side chains, namely, with and without relatively rigid and welldefined conformations in solution, have been identified. The solution structure of the hypothetical Deinococcus radiodurans Nudix protein obtained using NMR parameters, including residual dipolar coupling restraints has been reported. 246 Characterization by NMR of F6, which is a 76-residue protein located in the peripheral stalk of the bovine ATP synthase has been presented. 247 Analysis of chemical shifts, 15 N relaxation and RDC measurements show that the F6 structure is flexible on a wide range of timescales ranging from nanoseconds to seconds. The 44-kDa nucleotide-binding domain (NBD) of the 70-kDa heat shock cognate protein (Hsc70) chaperone which allosterically regulates by binding either ADP or ATP in a cleft between its two main lobes, has been studied by NMR. 248 By measuring residual dipolar couplings, it is shown that the orientation of the two lobes of the Hsc70 NBD in solution deviates up to 10 0 from their positions relative to X-ray structures and that the Hsc70 NBD is a flexible molecule that can adjust the relative positions of all of its four sub domains which has implications for its nucleotide binding property. Backbone dynamics of the Human Type I Interferon Binding Subunit (IFNAR2-EC) has been investigated using 15 N relaxation studies and by measurement of residual dipolar couplings. 249 Dynamics of the binding site distinguish between rigid structural domains, which stabilize the binding site conformation, and a more flexible binding interface, which interacts with the ligand.
Residual dipolar couplings obtained for the S-peptide of RNase A aligned in liquid crystalline media have been analyzed and found to be consistent with the presence of a native-like a-helix structure undergoing dynamic fraying. 250 The dynamics of the system is indicated by the observation that the RDCs become more negative at low temperatures and under conditions which stabilize a-helical structure. It is suggested that transferred residual dipolar couplings (trRDCs) can be employed to restrain the structure of peptide inhibitors transiently binding to b-amyloid fibrils. 251 The effect is based on the spontaneous alignment of amyloid fibrils with the fibril axis parallel to the magnetic field. This alignment is transferred to the transiently binding peptide inhibitor and is reflected in the size of the trRDCs. It is observed that the peptide inhibitor adopts a b-sheet conformation with the backbone N-H and C-H dipolar vectors aligned preferentially parallel and perpendicular, respectively, to the fibril axis.
Nucleic Acids. Magnetic susceptibility anisotropies have been determined for the nucleic acid bases from the magnetic field-induced residual dipolar couplings and a density function theoretical (DFT) study. 252 The DFT results are shown to provide superior agreement with experiment for the dodecamer studied and a protein-DNA complex in comparison to other sets of values in common use in the literature and thus have direct and significant implications for the interpretation of field-induced anisotropic interactions in terms of biomolecular structure and dynamics. Combining dipolar cross-relaxation and residual dipolar coupling data, the solution structure of a DNA dodecamer has been determined. 253 The use of RDCs indicates that the global curvature of the duplex solution structures is reduced which results from the use of longrange RDC restraints and from the symmetry properties of a self-complementary dodecamer. The solution structure of d(CGCGAATTCGCG)2 has been determined on the basis of a large set of residual dipolar couplings and 31 P chemical shift anisotropy restraints, to be a regular B-form helix. 254 Results indicate that the dipolar coupling data indicate the presence of rapid equilibrium between C2 0 -endo and C3 0 -endo deoxyribose puckers. The analysis of the dipolar couplings yield the populations for the sugar puckers, with a population of the minor C3 0 -endo form higher for pyrimidines than for purines. Proton-proton dipolar couplings have been considered as a probe of RNA backbone structure. 255 A method that permits simultaneous measurement of the proton geminal splitting and the one bond 1 H-13 C couplings as combination of the indirect J and residual dipolar coupling for methylene groups, occurring when molecules are weakly oriented relative to the magnetic field, has been described. By suppressing either the up field or downfield half of the 1 H-1 H geminal doublet, the experiment is found to yield improved resolution relative to regular two-dimensional 1 H- 13 C correlation spectra, making it applicable to systems of considerable complexity. The method has been demonstrated for measurement of all 2 D H5 0 H5 00 couplings in a 24-nucleotide 13 C-enriched RNA stem loop structure, weakly aligned in liquid crystals. The determination of the chemical shift (CS) tensors for all ribose carbons in the A-form helical RNA using 3D NMR spectroscopy has been reported. 256 The CS tensor of each type of carbon has been obtained from the singularvalue-decomposition fits of the chemical shift changes in the oriented phase to the structure of the molecule known from RDC measurements. Alternatively a database of helical RNA X-ray structures could also be used for this purpose. Quantum chemical calculations complement the experimental results and confirm that in all cases the most shielded tensor component lies approximately along the local carbon-oxygen bond axis and that shielding anisotropy for C 3 0 and C 4 0 carbons is much larger than that for C 1 0 and C 2 0 , with C 5 0 being intermediate. A 3D experiment, using gradient-and sensitivity-enhanced detection, has been suggested for the assignment of the 31 P NMR spectra and accurate measurement of the 31 P chemical shifts of ribonucleic acids. 257 The difference in 31 P chemical shift Dd in the isotropic and oriented phases provides information on the orientation of phosphate groups. The experiments have been illustrated for a uniformly 13 C-enriched, 24-residue stem-loop RNA sequence. Results for the helical stem region of the RNA are in agreement with those predicted for a model A-form RNA helix indicating that the Dd values can be used directly as restraints in refining nucleic acid structures. A method that allows observation of dipolar interactions between distant protons separated by upto 12 Å in weakly aligned nucleic acids has been described. 258 The approach has been demonstrated for the DNA dodecamer (CGCGAATTCGCG)2, where direct interactions are reported between protons up to three base pairs apart. New 3D pulse schemes have been presented for the precise and accurate measurement of one-bond 15 N-13 C residual dipolar couplings in weakly aligned nucleic acids. 259 The methods employ 1 H-13 C multiple quantum coherence or TROSY-type pulse sequences for optimal resolution and sensitivity. The methods are demonstrated for a uniformly 13 C, 15 N-enriched 24-nucleotide stem-loop RNA sequence aligned in the magnetic field using phage Pf1. It is observed that the measured RDCs are in excellent agreement with those predicted for a structure refined using independently measured other observables, including proton-proton, protoncarbon and carbon-carbon dipolar couplings. Determination of the solution structure of a branched nucleic acid from residual dipolar couplings by using isotopically labeled nucleotides has been described. 260 It is shown that only a small set of residual dipolar couplings is required to determine the global structure of branched nucleic acids and that accurate calculation of the magnetic-field-induced alignment tensor allows the reduction in the required number of parameters. An approach based on measurement of magnetic field induced residual dipolar couplings in nucleic acids for probing motions between equivalent RNA domains has been proposed. 261 Using the approach, motions between two domains in the transactivation response element RNA has been investigated. Determination of the structure of domain II of the hepatitis C viral internal ribosome entry site, a 25-kDa RNA, has been reported. 262 Conventional short-range, distance and torsion angle NMR restraints have been combined with long-range, angular restraints derived from residual dipolar couplings to improve both the local and global precision of the structure. Changes in the bending of the DNA helix axis caused by the introduction of conformationally locked nucleotide analogs into the central region of the dodecamer, d(CGCGAATTCGCG) 2 , have been studied by measurement of residual one-bond 13 C-1 H dipolar couplings. 263 Thymidine analogs, in which the deoxyribose was substituted by bicyclo[3.1.0]hexane, were incorporated in the T 7 , T 8 , and both T 7 and T 8 positions. These nucleotide analogs restrict the ring pucker to the C 2 0-exo instead of C 2 0-endo which dominates in regular B-form DNA. For all the three oligomers, a bending towards the major groove, relative to the native molecule was observed. The effects were additive with bending of 51 AE 11 per locked nucleotide. Measurement of the change in bending was found to be more accurate than measurement of the bending angle itself and required far fewer experimental data. The structure and dynamics of the stem-loop transactivation response element (TAR) RNA from the human immunodeficiency virus type-1 (HIV-1) bound to the ligand argininamide (ARG) has been characterized by using residual dipolar couplings. 264 Binding of ARG to TAR changes the average inter-helical angle between the two stems from approximately 47 degrees in the free state to approximately 11 degrees in the bound state and leads to the arrest of large amplitude inter-helical motions observed in the free state. A comparison with the structure stabilized by binding to Mg 21 has also been made. A three-dimensional NMR experiment has been described that yields five scalar or dipolar couplings from a single cross-peak between three spins. 265 The method is based on the E.COSY principle and is demonstrated for the H 1 0 -C 1 0-C 2 0 fragment of ribose sugars in a uniformly 13 C-enriched 24-nucleotide RNA stem-loop structure, for which a complete set of couplings was obtained. The values of the isotropic J couplings and the 13 C 1 0 and 13 C 2 0 chemical shifts define the sugar pucker while the five dipolar couplings involving H 1 0 -C 1 0-C 2 0 -H 2 0 can be used to derive the five unknowns that define the local alignment tensor, thereby simultaneously providing information on relative orientation and dynamics of the ribose units. Data indicate rather uniform alignment for all stem nucleotides in the 24-nucleotide stem-loop structure, with only a modest reduction in order for the terminal base pair, but significantly increased mobility in part of the loop region. The interaction of the divalent metal ions Mg 21 , Cd 21 , and Ni 21 with liquid crystalline Na-DNA solutions has been investigated by polarized light microscopy and multinuclear NMR. 266 The results are discussed in terms of different binding modes of the metal ions.
Carbohydrates. The conformational flexibility of lactose in solution has been investigated by residual dipolar couplings. 267 One-bond carbon-proton and proton-proton coupling constants have been measured in two oriented media and interpreted in combination with molecular dynamics simulations. Two different approaches have been used to determine the alignment tensor from a shape-induced alignment model and the results reveal the almost exclusive presence of a major low energy region, in agreement with that determined by standard NOE-based methods. An analysis of torsional motions about glycosidic bonds in a disaccharide has been undertaken using residual dipolar coupling measurements in a bilayer medium aligned in a magnetic field. 268 Motions about the b- (1-4) linkage of the n-butyl-4-O-b-D-galactopyranosyla-D-mannopyranoside are shown to be substantial and in agreement with predictions of a molecular dynamics simulation. A study has been made in which it is observed that dilute liquid crystals used to enhance residual dipolar couplings may alter conformational equilibrium in oligosaccharides. 269 In this study, the structures of a trisaccharide and a pentasaccharide containing the Lewisx motif have been determined by two independent approaches namely, measurement of NOE and residual dipolar couplings. For the trisaccharide, a good agreement was observed between the results of both approaches. However, for the pentasaccharide, strong discrepancies appeared. This seems to result from interactions between the pentasaccharide and the mesogens indicating that using simultaneously NOE and RDC required caution as the former represents the majority of the molecules free in solution whereas the latter is strongly influenced by the structure in the mesogen bound state sampled by a fraction of molecules. The solution structure and dynamics of sucrose have been examined using a combination of residual dipolar couplings and molecular mechanics force fields. 270 The alignment tensors of the individual rings are found to be different and fitting the measured residual dipolar couplings to structures indicates the presence of three major conformations with interconversion among these states. Several 2D experiments for the measurement of proton-proton and carbon-carbon residual dipolar couplings in uniformly labeled oligosaccharides have been proposed. 271 The combination of these RDC with NOE data may provide a convenient means of studying oligosaccharide conformation in the free and receptor-bound state.
